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Or August 14, 1945, President Truman announced the end 
of the war between the United States and Japan. The city 
of Hiroshima had been destroyed on August 6th (Tokyo time)? by 
the first atomic bomb ever used as a military weapon. Three days 
later a similar bomb was dropped on Nagasaki, the last use of an 
atomic bomb for military purposes as far as is now known. By 
order of President Truman a full account of the secret develop- 
ment of these weapons by the United States Government was re- 
leased for the use of radio and press on the weekend of August 
11th and 12th. This account had been ready sometime before the 
bombing of Hiroshima but the decision to publish it was a radical 
one that had been vigorously debated by Mr. Stimson, then Sec- 

- retary of War, and his advisers in the early days of August, particu- - 
larly at a meeting on August 2nd. He decided in favor of publica- 

_ tion, but since-his advisers were by no means unanimously in favor _ 
i of such a-course he concluded that President Truman should 
.. tmake'the final decision. At the time of the Hiroshima attack Presi- 
dent Truman was still on the Atlantic Ocean, aboard the cruiser 
: Augusta, returning from the Potsdam summit meeting. ` Pi 
- By August 9, the President was back in -he White House avait - 
. able for consultation...Accompanied by Vannevar Bush, James 2 
Bryant Conant, Major General Leslie R. Groves, George L. Har- ° 
> rison, and Secretary of State James F. Byrnes, Secretary of War `: 
“Henry Stimson presented the case for publication to Mr. Truman. 
_ By that time the British shad farinay agrega es they had E 
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been somewhat reluctant.” After hearing the views of Secretary 
Stimson and his other advisers, President Truman approved ini- 
mediate publication. His decision was carried out by releasing the 
approved document for radio use after 9:00 p-m. on Saturday, 
August 11, and for newspaper use on the next day, Sunday, Au- 
gust 12. 

As everyone now knows, the project described had been one 
of unprecedented size and secrecy. Starting from a fascinating 
major scientific discovery it had grown into an industrial enter- 
prise of enormous complexity. So it was nor surprising that the 
packets given to the tepresentatives of radio and the press that 
August Saturday differed considerably from the usual public rela- 
tions handout. There was, to be sure, a one-page War Depart- 


ment announcement but there was also a 1014” 734" book of- 


some 140 lithoprinted pages bound in heavy cream-colored paper. 
Hardly adequate as a report of five years’ work by thousands of 
people, this book was still unusual as a press release. 

Its preparation had begun in the spring of 1944 when General 
Groves had asked me if I would be willing to undertake such a 
task. Of course, I had accepted without hesitation although it was 
not clear whether any part of what I wrote would ever be used 
at all, much less whether I or anyone else would appear as author. 
Tt is ironic that the book should have become generally known 

+ as the “Smyth Report,” a fact noted on even the catalogue card 
‘in the Library of Congress. 


items in various booksellers’ lists under my name offering for sale 
at startling prices copies of the Smyth Report. It is not only the 
prices that are startling. Consider the following statement: “This 

+) advance issue was produced in circumstances of extreme security 
~ atthe. nuclear station at Oak Ridge, Tennessee. To ensure secrecy 
several mimeograph machines were used, the operator of each 
being given a series of totally unconnected leaves of the original 
typescript. The final ‘collation of each copy was personally super- 
vised by“ ‘General Groves. * 


2 Collaboration vith the British on “developing the atd bomb’ has a com- 


leading British physicist, had been in the United States as head of the British team, 
as the result of an agreement made between Roosevelt and Churchill at Quebec in 
August 1943. Chadwick and Roger Makins from the British Embassy had been at 
the August 2 amecting in Stimson's office. | > 
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- In the Jast two or three years my attention has been called to” 


"<The picture of General Groves `` 


plicated and not entirely happy history. Since early in 1944 Sir James*Chadwick, a ~ 
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spending the first few days of August 1945 hovering over the 


mimeograph machines at Oak Ridge has its charm but the stale- . 


ment smacks more of fantasy than of fact. Other descriptions are 
less fanciful but of the five such items I have before me, four 
contain errors of date or description so confusing as to make it 
difficult to identify exactly what book or pamphlet is being offered 
to the public. As a result of this confusion I have been urged to 
write a piece about the Smyth Report that may help clear up 
the situation. - 

Actually in 1947, two years after the release of the report, I was 
prompted to write such a piece by an entirely different set of cir- 
cumstances. David Lilienthal was testifying before a Congressional 
committee which was considering whether he was or was not quali- 
fied to be Chairman of the newly established Atomic Energy Com- 

‘mission, a post for which President Truman had nominated him. 
Goaded by irrelevant or offensive questions from various senators 
and anticipating a confrontation with Senator McKellar, an old 
T.V.A. enemy of his, Mr. Lilienthal referred to the “Smyth 
Report” as “the principal breach of security since the beginning 
of the atomic energy project.” Also about that time it was alleged 
that Bernard Baruch had said that General Groves had approved 
release of the report only after being “lambasted” by the scientists. 
I felt these statements should not go unanswered but that any com- 
ment would better come from General Groves or Dr. Conant than 
from me. Accordingly I wrote to General Groves and to Dr. Conant 
on February 4, 1947, suggesting that some statement should be 
made and enclosed a memorandum on the history of the “Smyth 
Report” dated January 10, 1947. I asked for comments on the 
general idea and on the accuracy of my memorandum. In my file 
there is an answer from General Groves from Florida, dated Feb- 
ruary 19, 1947, expressing interest.and the intention to check 
his recollection against rhe files on his return to Washington. Ac- 
cording to Mr.-Lilienthal’s diary, Dr. Conant did. speak, to him 
rather vigorously -shortly after learning about his. testimony. I, 
however, have found no letter to me from Dr. Conant. In any 
case what I wrote has rested quietly in my files since 1947. It 
seems to me to give the picture satisfactorily. Rather than trying 
to rewrite it after a lapse of thirty years I shall quote most of it, 
occasionally adding some corrections and some paragraphs having 
to do with bibliographic details. 
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MEMORANDUM ON THE HISTORY OF THE PREPARATION OF 
MY REPORT ON ATOMIC ENERGY FOR MILITARY PURPOSES 


i 


Prefatory Note: A great many of the most impertant decisions 
with reference to this teport were made in conferences of which 
ne record was kept because of security problems, Also, the ques- 
tion of final clearance and release for publication was decided at 
the highest level and my knowledge of how the decisions were 
reached and by whom is fragmentary and based on hearsay, There- 
fore the following memorandum is incomplete and only partially 
documented. Juis based on my own recollection and what few 
documents and Ieuers I have in my file. 

Origin of the idea of the report: 1 began my association with 
the uranium project in January or February 1941. In the summer 
and fall of 1943 and the winter of 1944 J was acting first as asso- 
ciate director of the Metallurgical Laboratory at Chicago and later 
as consultant. During the summer of 1943 I spent most of my 

‘time at Chicago, but in the fall of 1943 President Dodds of 
Princeton felt that it was impossible to release me for more than 
half-time work at Chicago.* It was therefore arranged that I 
should spend alternate weeks at Princeton and Chicago. This 
. made it impossible for me to discharge the duties of an associate 
director at Chicago in the real meaning of the title, so that I 
functioned largely as a consultant with a somewhat detached point 
of view. This detachment, coupled with the fact that I had been 
already closely associated with the two major phases of the work, 
isotope separation and the chain reaction, put-me in a good posi- A 
tion to write a general account of the work should it be wanted.~ 
zs- Ido not remember exactly when the idea arose that a general 
‘report.on the atomic bomb project should: be prepared for even- : 
_ tual release'to.the public. As I recall it, I suggested the idea in a i 
_- discussion with Dr. Arthur H. Compton,* who thought well of it. 
I then arranged to talk with Dr. Conant on one of his visits to f 
ehia This talk occurred enia in n February or March of 1944- 


This was because al: the other equi membere of the Department of Physics 
at Princeton were-engaged in war work, most of them away from Princeton, yet the 
University was committed to a very heavy load of teaching Army and Navy person- 
ne}, all taking physics. 

+Dr. Arthur H. Compton, Professor of Physics at the University of Chicago and 
- Director of the Metallurgical Laboratory there. The Metallurgical Laboratory was 
ene of the major scientific centers for the Manhattan Project. 
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I believe thar the idea I presented te Dr. Conant was essentially the 
one which was eventually carried out. I felt that the possibilities 
of atomic energy, and particularly of the bomb, were so important 
that the political decisions which would have to be made ought to 
be based on the widest possible dissemination of information. I 
felt that it would be extremely dangerous to leave these decisions 
in the hands of a small number of men without informing the 
people of the country what the significance of the discoveries was. 
‘This idea appealed to Dr. Conant and he told me that he would: 
discuss the matter with General Groves and others in Washington . 
(Lam not absolutely sure whether the original idea of the repor: 
came from me or from Dr. Conant, or whether it-merely emergec 
from our conversation, but I believe that at least the rough idea 
was the occasion of my asking for an interview with Dr. Conant. 
I heard nothing more about the proposal until sometime early in 
April when I was asked to come to Washington to talk with Gen- 
eral Groves and Dr. Conant. They toid me that they felt it was 
very desirable that a general overall report of the project should 
be prepared. It was, however, clearly understood that this involved 
no decision as to the ultimate use of the report. In other words, 
it was to be prepared with public release in mind, but the ques- 
tion of how much material, if any, should be eventually released 
« was reserved for later decision. 
I received a formal letter from General Groves dated April 17. . 
~ 1944, -asking me to undertake preparation of the report, and 1 
-, replied on April 21, agreeing to do so. For security reasons, both 
of these letters are in such general terms that they make no refer- 
> ence to the actual nature of the job under discussion. 
«c o In preparing the report, I felt that it was necessary to make it i 
as complete as possible, with the idea that later review could cut. 
+ out material-considered inappropriate for release. From this time ` 
on I was specificaliy-working for General Groves in the prepara- | 
- tion of this report:.General Groves made all the arrangements | 
necessary to give me access te the various laboratories and plants, 
and I had frequent conferences with him and Dr. Conant. It 
should be understood that I -was at the same time continuing as 
chairman of the Department of Physics at-Princeton and acting as 
a consultant at Chicago so that the preparation of the report was 
şa parzimegobg 


I sent the outline uf the whole report and a rough draft of about 
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-in my file any commnent from him or anyone else on that draft. 
My recollection is that he and Dr. Conant felt the outline was es- 
sentially right and made relatively few suggestions at this stage. 
On February 23, 1945, I sent General Groves twelve out of thir- 
teen chapters of what I still considered a preliminary draft. I 
discussed this draft with General Groves and with Dr. Conant in 
| c2 March and wrote a letter to General Groves on March 23 dis- 
bos cussing their comments. There was still no decision as to whether 
this report would be used. On May 12, 1945, in anticipation of an- 
other conference with Dr. Conant and General Groves, I wrote 
General Groves a letter reporting that I had rewritten the first 
eight chapters along the lines of our previous conference, but was 
finding some difficulty in working without any idea of when and 
how the report might be used. 

At the May 16-17 conference that followed, General Groves and 
Dr. Conant said that they did want to use the report and asked 
-me whether I could have it in final form early in June. I think the 
date mentioned was June 10. I said that this would be impossible, 
so we settled on June go as the date which we would try to meet. 
By this time the report had been read, in whole or in part, by a 
2-number of the project leaders, but it was felt nevertheless that it 
should be officially circulated to them in final form before it was 
approved for release. We also realized that it was necessary to elimi- 
znate a good deal of the material that I had written on grounds of 
security and that I could not be expected to take the whole re- 
ponsibility for judgment as to what should and should not be in- 
cluded. Either at this conference or at one shortly thereafter, it was 
‘agreed that Dr. Richard C. Tolman® should cooperate with me in 
scensoring the report and that it was necessary to have a directive 
from General Groves as to the criteria to be used for including’ 


l sche first half to General Groves on August 5, 1944. 1 do not have 
f 
f 


rR 


e modified them somewhat and issued them as a directive to Dr. 
“Tolman and me. mn ` i . 
it was evident that it was necessary to ëdit my manuscript as 
well as censor it, but security made it impossible to use anyone 
‘with professional editorial experience. It was decided that Drs. 


= T s Professor of Physical Chemistry and Mathematical Physics, California Institute 
of Technology. By.a curious coincidence, I had worked for Dy. Tolman, then a 


major in the Chemical Warfare Service, in the summer of 1918. 
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/EPaul C. Fine and William A. Shurcliff,* both of whom were physi- 
| Scisis working as technical aides to Dr. Tolman, should work with 
“awe on this job. T he process of editing and censoring went on more 
‘Sor less simultaneously in the latter part of June and the first week 
Šor so of July. In fact, it was the necessity of making a final revision 
of the report that prevented me from going to the Alamogordo, 
-New Mexico, test on July 16, 1945. About the middle of July the 
gxcensored and edited text was mimeographed in Dr. Tolman’s 
office in Washington under the supervision of Fine and Shurcliff. 
ouriers from General Groves’ office then delivered and returned 
“chapters of this mimeographed version to project leaders and a 
| few others at Berkeley, Chicago, Columbia, Stanford, Los Alamos 
| Sand elsewhere. Those consulted were asked to read the parts sub- 
Huaitted to them and to sign a release testifying to the general 
| paccuracy of the work and to its conformity with the general in- 
{structions for security. I believe that in all cases releases were 
gned but often they were accompanied by suggestions for minor 
| improvement or deletion. Tentative approval of publication was 
| also obtained from Sir James Chadwick representing the British 
d Canadians." ` 


* * * 


In the last part of July, I considered and in most cases incor- 
porated the suggested modifications in a master copy, chapter by 
chapter. In my file I have a complete series of such chapters each 
, dabelled “Master Copy” including the final version of the preface 
anda typed copy of Chapter XIII. There is a note on each chapter 
| except Chapter I giving the date of designation as master copy. 
| These dates range from July 14, 1945, for the beginning chapters 
sto July go for Chapter XHI. Obviously much retyping had still 
Ito bedone and it is to this task that General Groves refers in bis 
book when he says: “the report was completed on July 28 but not 
“fore we had had to fly some fully cleared MED [Manhattan Engi- 
neering District] stenographers up to Washington from Oak 
“Ridge.” It-was presumably this retyped version which General 
Stoves says was “ready for submission to the printer” on August 


echnical Aides, Office of Scientific Research and Development, National Defense 
earch Committee and Manhattan Project, Washington, D.C. me 
This ends the 1947 memorandum. x zs 

Now It Can Be Told (New York: Harper, 1962), pp. $49-50- 
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The retyping and lithoprinting were under the general super- 
jiston of Fine and Shur hfl and apprapriate officers hom General 
proves’ stalf, During this period Dr. Polman read over the hual 
version With exireme care, marking al passages which might con- 
ivably be questioned on grounds of security and citing justifica- 
n for publishing them in terms ot relevant parts of our gnidance 
ders. He and F then went over those passages together and pre- 
pared a letter to General Groves discussing them, Ihis letter is 
ted July $1, 1945, and marks my Jast action in the preparation of 
athe report in its first pith Sere format. Fhe diae is consistent 
th General G roves’ “veady ior the printer” date of August 2nd. 
The “printer” was in fact the lacility tor reproducing secret 
ocuments in che Adjutant General's Office in the Pentagon. I do 
ot know when the hrsi hihieprinted copies were produced. 1 be- 
ieve one thousand copies were made. Whenever they were finished 
hey were immediately slapped into the safe in General Groves’ 
soffice in the Pentagon because their content was still classified TOP 
SECRET and remained sa until August 11, when the whole report 
$ was made public by President framan’s order as I described in 
the introductory paragraphs of this article, 

_ So much for the narrative ol the preparation of the first format 
in which the Smyth Report was released to the public. In a sub- 
“sequent article. Datus Smith. formerly Director of the Princeton 
University Press, will give an account of the publication in book 
-form by that press. Before going on to his account there are sev- 
~eral specific aspects of the report that may be of interest. 

As is clearly stated in the report itself, the principal reason for 
its preparation was to inform the public. Let me quote the last 
<sentence of the report: “The people of the country must be in- 
formed if they are to discharge their responsibilities wisely.” This 
view was strongly held by most of the civilians in the project and 
more or jess shared, certainly not opposed, by General Groves and 
his military.associates. A 

-On the other hand, General Groves -and his colleagues, both 
military-and civilian, recognized that there were many technical 
“developments that should be kept secret. How was this to be done? 
Were the thousands of people who had worked on the project sup- 
posed 10'go back to ordinary civilian life and say absolutely noth- 
ing about what they had been doing in the great war? This would 
‘be asking the impossible- The best resolution of this dilemma ap- 
peared to be to say as much as possible in an official statement 
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cardully prepared and reviewed and then to imstruct people on 
the projet to say nothing more even after they had left the 
pro Fee T 
E Achicsing this objective was the principal reason for General 
Groves’ support of the report and its validity was certainly ac- 
cepted by such civilians as Bush, Conant, Tolman and many 
sthers, J have always found it curious that two lines of reasoning 
yuite opposite in the abstract led in practice to the same con- 
clusion. 
A bonus that came from the release of the report gratified Gen- 
al Groves particularly. He had been a tough taskmaster and 
-knew it, so he was especially glad to see as much recognition as 
possible given to those who had worked so hard and long on the 
i project. Only a few men could actually be named, but all could 
point to the published record and say this is what I did in the 
great war. Welcome as this consequence of publication may have 
been it was always a secondary consideration. I was dismayed 
‘when I read in a recent book, that whatever other reasons lay be- 
hind the issuance of the report, scientists were obviously anxious 
to have their various accomplishments acknowledged. 
At the time of writing the report there was no pressure on me 
from the scientists for personal recognition. Such complaints as 
came in after publication were surprisingly few and were more 
concerned about questions of attribution to groups or laboratories 
‘than with individual reputations. Even the complaint from Los 
Alamos which I describe in the next-section was clearly asking 
- that elegant solutions of dificult problems should be reported so 
that they could be appreciated. This is very different from the 
desire for enhancement of personal reputation implied by the 
~ statement to which I have referred... ©... -o eS 
There were two quite different kinds of questions that had to 
“be answered in deciding what should be in the report and what 
: should be left out. In the first category were the normal questions 
that arise in writing an account of any Jarge and complex enter- 
prise: how technical to be, how much detail to include, how to be 
fair to the various groups working on different phases of the -en- 
terprise, what names to mention and so on. aa is À 
Answering these questions was complicated by the compartmen- 
talization imposed by the overall secrecy requirement which pre- 
venied one group from knowing what another group was doing, 
even when their fields of work overlapped. This also complicated 
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he basic question: How to ensure factual accuracy? However, 
sthese complications were trivial compared to some of the other con- 
sequences of secrecy, 

Many of these were largely mechanical: My office in Palmer 
Laboratory, Princeton University, not only had its door to the hali 
ghtly locked, but the doorway was blocked on the inside by a 
arge safe whose combination was known only to me, my secretary, 
and the Manhattan Engineering District security officers. The win- 
-dows of my office and the adjacent office were barred. Access to 
my office was possible only through the adjacent office occupied 
“by my secretary and an armed guard. In fact there were three 
shifts of guards, so there was one present day and night. If I needed 
= papers with me on a trip to see General Groves in Washington, I 
-could not take them with me. They travelled separately by mil- 
itary courier. 

Tt is easy to make fun of these arrangements now—for exam- 
ple, during a period of about a year every ume I talked to myself 
I was breaking the secrecy rules by allowing the head of one group 
to speak to the head of another group—but rules were taken 
seriously at the time and I believe rightly so. Secrecy precautions 
certainly were taken seriously when one of the guards on the 
four to midnight shift shot himself, inflicting what turned out 
to be a fatal wound, He had been oddly considerate, waiting until 
after all the secretaries had left the building so that they would 
not be distressed. Naturally there were immediate security gues- 

tions. Was the poor man a German spy or Japanese cr Russian? 

© Did he have confederates? Was there a conspiracy? Had he and 
the other guards been fully investigated? As far as I know his 
„suicide turned out to be purely for personal reasons having noth- 
ing to do with security, but naturally it took a good deal of in- 
_ vestigation to establish that fact... =- 

Returning to the substance of the report: what should be re- 
vealed and what should continue to be kept secret. Until May of 
1943, I had almost no formal guidance in answering this question. 
As J have mentioned, Dr. Conant-and General Groves approved 
~the outline J submitted 10 them in the summer of 1944; and I 
‘ submitted drafts of various sections to appropriate people from 

: time to time. Many of the typed chapters in my file have pencil 
notes “read hy so and so on such and such a date.” But there was 
no formal or informal board of reviewers or editors before June 
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ssion took place. 
SeMy policy, with one exception, was to include in the drafts as 
m ach technical detail as I thought desirable for intelligibility 
: if some of it had to be later “deleted for security reasons. In 
case of the bomb laboratory at Los Alamos, however, even 
draft chapter left out much of the most interesting material 
ce it was obviously too sensitive for publication. When this 
pt was submitted to Los Alamos they were so outraged that 
E sent to Groves a version of their own. It was far more interest- 
g than my version, but unfortunately it violated the security 
ies that had been set up. This was one of the many occasions 
shen I was grateful for Dr. Tolman’s wisdom and good judgment. 
He read over the Los Alamos version, went through it with the red 
ip pencil of censorship, and concluded that what was left was no bet- 
ter than my version which was therefore accepted. 
There are two causes for embarrassment in the title of the report 
or-the lack of it. First, to a professional physicist the subject of the 
port was nuclear energy and nuclear bombs, not atomic energy 
d atomic bombs. Second, no author is likely to choose a 24-word 
je for something he has written. Obviously, the only title that 
peared on the lithoprinted edition was intended as an explana- 
ry subtitle. This cumbersome subtitle was carried over to the 
“sovernment Printing Office version as the only title and similarly 
sto the title page of the edition printed i in London by His Majesty's 


What was the title supposed to be, and what happened to it? In 
e various drafts a title page appears for. the first tie in the 


A Genai Acunun of the Development of Methods of Using 
Nuclear Energy for Military Purposes Under the Auspices of 
the: United States Government, 1940-1945. 
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+ Title page of typed version from which mimeographed copies 
. -were made for circulation. ` 
Courtesy of Henry.DeWolf Smyth. 


At the next stage, in the master copy prepared for Jichoprinting. 
he main tithe was changed to “Atomic Bombs” and “nuclear 
energy” was changed to “atomic energy” in the subtile. This is 
kelso the way the tide appears on the certificate ot copyright. But 

hat simple two-word major title did not appear on ihe litho- 
rinted edition. As I heard the story, General Groves was very 
worried about secrecy in spite of the security precautions surround- 
ing the preparation of the lithoprinted copies which I have de- 
scribed. So he would not allow the tell-tale words “Atomic Bombs” 
o appear on the title page. He had a rubber stamp “Atomic 
ombs” prepared and planned to have one of his officers siamp 
ach copy before it was handed out. Apparently the stamp was 
made and used on the copyright deposit copies but not on any of 
the copies distributed to the press or public. One result of this 
omission was that the clumsiness of the title that did appear caused 
people to refer in self-defense to the lithoprinted version as the 
myth Report. They still do so, even though the Princeton Univer- 
ity Press version has a reasonable title, Atomic Energy for Mil- 
ätary Purposes. 

As to the change from “nuclear” to “atomic,” it should he re- 
membered that in 1945 the word “nuclear” was either totally un- 
familiar to the public or primarily had a biological favor, where- 
fas “atomic” had a definite association with chemistry and physics. 
Since in May and June, 1945, it became clear that the report was 

imed at a wider audience than nuclear physicists, we decided that 
atomic was less likely to frighten off readers than nuclear. I be- 

tieve General Groves suggested the change but I know I accepted 
it-after a somewhat painful suppression of my purist principles. 
Looking back after thirty years I think the decision was probably 
night pragmatically..1 still find it distasteful, and I welcome the 
gradual change that has occurred over the years so that the popular 
ress NOW usually speaks of nuclear =e nuclear, power plants, 
md nuclear bombs. ~ 

While J am writing about titles, let me explain about the copy- 

tight. The whole purpose of the report was to spread information. 

We were glad to have all or part of the text copied and reproduced 

y anyone who wished to-do so. But if we did not take out a copy- 
fight we feared someone else might. For this reason the litho- 
printed version, the Princeton University Press edition, and those 
of cy Government Printing Office and His Majesty’s Stationery 
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CLASS danwo 190166 


COPYRIGHT OFFICE 
OF THE UNITED STATES OF AMERICA 


THE LIBRARY OF CONGRESS =: WASHINGTON 


CERTIFICATE OF COPYRIGHT REGISTRATION 
of the Act to Amend and Contolidate the 


section 16 thereat; 
eight yeon for soid 


H. D.smyth (Henry Dewolf Sayth) 

Princeton University, 

Princeton, N.J. - So 5 

Tile ytoctc Bombs. A Generel Account of The Development of 
Metnods of Using Atomie Energy for yilitery Purposes Under 
The #vapices of Zhe United States Government 1549-19450 

Ey henry GeWoif Smyth, of United States. p 


by mhe Classified Reproduction Center of the 


or 
DC. 


Printed 
Adjutant General's Office, War Department; Washington, 


- Date of publication in the United States Aug- 10, 1945 St 
| Aidan received RUR- 15, 1945 = Copies received -Auge 13, 1945 


‘Copyright certificate for the Report... 
_ Courtesy of Henry DeWolf Smyth. 
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fice all have in the front ot the book the apparently selt-con- 
adictory statement: Copyright 1945 by H. D. Smyth (Reproduc- 
on in whole or in part is authorized and permitted). 

his procedure and the fact that there seemed to be no simple 
y for the War Department to pay for the copyright has given me 
certain amount of mild pleasure. When acquaintances imply that 
must be wallowing in wealth asthe author of a best seller I am 
pic to state with painful accuracy that my financial balance from 
je Smyth Report is minus two dollars, the copyright fee. 

A more serious bibliographic result of simultaneously copyright- 
ig and giving blanket permission to ignore the copyright was that 
one who wished to reprint or translate the whole report or any 
art of it was under any obligation to ask permission from any- 
ne or even to notify the publisher or me.. Consequently, the 
jibliography is very incomplete, but our objective of wide cir- 

ulation has certainly been achieved. j 
As I have said repeatedly, my chief interest in this whole writ- 
ng enterprise was to get as much information as possible to as 
many American citizens as possible as soon as:possible. A thousand 
lopies distributed to the press were only a beginning. Although 
the lithoprinted edition would presumably be reprinted in some 
form by the Government Printing Office, it was not clear at the 
ame how soon this would happen and it was unlikely that dis- 
wibution and sales would be pushed. So I thought the best route 
» wide circulation in a minimum of time would be publication 
ya big established publisher of technical or semi-technical books. 
cGraw-Hill seemed to fit the bill as well as any. Since I knew 
me of the people there, I went up to New York to see them. 
"hey said “Yes, yes, a fine idea, but-in its present form the report 
a bit dull in places and a bit difficult in places so why don’t vou 
cast it-here and there and come back to us.” This did not make 
nuch sense. The best thing-to publish was an account approved 
by the U.S. Government. Furthermore it could be ‘done quickly. 
And for obvious reasons I was in no mood to rewrite the report 
and again ask for the approvals that would be necessary. sa 
` Fortunately, Datus Smith, Director of the Princeton University 
Press, had already asked for the job but, not supposing that a uni- 
versity press could. compete with a commercial house in speed 
and coverage, however well it might otherwise do, I had told him 
wanted to try McGraw-Hill. But Datus was enthusiastic and per- 
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sistent. The Press had the great advantage of being small enough 
ve catch the enthusiasm of its dinector lor an unusual project and 

to he able to concentrate on it. What is more, its headquarters 

were ip Princeton. So l gave the job to Datus, later getting the 

blessing of General Groves. That this was one of the wisest deci- 

sions ] could have made will be evident from the story Datus 

Smith has te tell in the article following this one. 

Thirty-one years have passed since those hectic days when the 
cooperative efforts of thousands of people were to culminate in 
the use of two nuclear bombs and the end of the war with Japan. 
These weapons were not only spectacular in their military effect 
but were only one of the possible uses of the energy released by 
nuclear fission. In the larger sense the whole great effort had been 
to develop the technology of using nuclear energy. 

That development added a new category of questions to those 
arising inevitably in adjusting from a world of war to a world 
of peace. To quote again from the report: “These questions are 
not technical questions; they are political and social questions, 
and the answers given to them may affect all mankind for gen- 
erations.” 

The Smyth Report was supposed to furnish material on which 
the discussion of such questions could be based. Did it do so? I 
believe it did. How well, it is impossible for me to judge. Of 
course there were errors of omission and of emphasis; and obscuri- 
ties of presentation. I regret such faults but granted the subject, 
the enforced absence of competition and the limitation of time 
even a bad report would have been a success. 

Quantity is easier to judge than quality. The report was re- 
printed in whole or in part in the newspapers beginning a week 
-after the first bomb was dropped. Within three months thereafter 
. about one hundred thousand copies had been sold in book or 


-s. pamphlet form. In this early period’copies were passed from hand 


to hand so that each copy had many readers-or in some laboratories 


-were duplicated for groups of readers. After November 1945 the 


`~ Princeton University Press version of the Smyth Report carried 
official statements from the British and Canadians making clear 
their full participation in the development of the bomb. There- 
fore by the end of 1945 there was beginning to be formed a con- 


siderable body of citizens within the government and outside who. 


- could discuss the problems concerning nuclear fission now con- 
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onting the United States and other countries on the basis of 
nitly extensive information. 
Inthe three years after the publication of the report the dis 
ions that led to the establishment of the U.S. Atomic Energy 


kared hundreds of pages of exposition and argumentation, crys- 
Ñijzed to some extent in various committee reports, notably that 
if Acheson and Lilienthal. Yet, the Smyth Report had continned 
i function as a basic reference document. By the summer of 1948 
uch more information was available either as the result of further 
“leases or of publication of new scientific data acquired in three 
ears of work in the world’s laboratories. New books began to be 
irinen simplifying or revising the treatment of atomic energy 2s 
whole or various phases of it. The Smyth Report was no longer 
in essential reference book though it remained a convenient one. 
had served its purpose and served it well. 
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CHAPTER I 


INTRODUCTI CH 


1,1. Tho purpose of this.report is to describe the scientific and 
technical developments in this country since 1940 directed toward the mili- 
tary use of energy from etomic nuclei. Although not written as a "popular" 
account of the subject, this report is intended to be intelligible to 
aclentists and engineers generally and to other college graduates with a 
good grounding in physics and cheristry. The equivalence of mass and energy 
is chosen as the guiding principle in the prenoniatian of the background 
material of the "Introduction". 


The Conservation of Mass and of Energy 
SEAT SS Se aa 


1,2. There are two principles that have been cornerstones of the 
structure of modern science. The first — that matter can be neither 


-ereated nor destroyed but only altered in form — was enunciated in the 


eighteenth century and is familiar to every student of chemistry; it has led 
to the principle known as the law of conservation of mass, The second -- 
that energy can be neither created nor destroyed but unly altered in form -= 
ererged in the nineteenth century and has ever since heen the plague of in- 
ventors of perpetual-motion machines; it is known as the law of conservation 
of encrgy. 


1.3. These two principles have constantly guided and disciplined 
the development and application of science. For-all practical purposes they 
were unaltered and separate until some five years ago. For most practical 
purposes they are still so, but it is now knoyn that they are, in fact, two 
phases of a single principle for we have discovered that energy may some- 
times be converted into matter and matter into energy. Specifically, such 
a conversion is observed in the phenomenon of nuclear fission of uranium, a 
process in which atomie nuclei split into fragments with the release of an 
enormous amount of energy. The military use of this energy has been the 
object of the research and production projects described in this report. 


The Equivalence of Mass and knergy 


1.4. One conclusion that appeared rather early in the development 


. of the theory of ‘relativity was that the inertial mass of a moving body in- 


creased as its speed increased. This implied an equivalence between an-in- 
crease in energy of motion of a body, that is, its kinetic energy, and an 
increase in its mass. To most practical physicists and engineers this 
appeared a mathematical fiction of no practical importance. Even Einstein 
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2-4 
could hardly have foreseen the presen, applications, but as early as 15C3 he 
did clearly 3bate that mass and energy were oui valent end suggested thet 


proof of this. :cuivalence might be found by the study of radioactive sut- 
stances. He gohelurted that the amoint of energy, E, equivalent to a masz, 
m, was given by the ejnation 
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where c is tue velccity of light. If this is stated in actual numbers, its 
startling character is apparent. It shows that one kilogram (2.2 pounds} of 
matter, if converted entirely into energy, would give 25 billion kilowatt 
hours of energy. This is equal to the energy that would be generated by the 
total electric power industry in the United States (as of 1939) running for 
approximately tvo months, Compare this fantast*c figure with the 8.5 kilo- 
watt hours of heat energy which may be produced by burning an equal amount 
of coal, 


1.5. The extreme size of this converstion figure was interesting in 
several. respects. In the first place, it explained why the equivalenc e of 
.mass and energy was never observed in ordinary chenical combustion, We now 
believe that the heat given off in such a conbustion has mass associated with 
it, but this mass is so small that it cannot be detected by the most sensi- 
tive balances available. (It is of the order of a few billionths cf a gram 
per mole.) In the second place, it was made clear that no appreciable 
quantities of matter were being converted into energy in any familiar ter- 
restrial processes, since no such large sourcea of energy were known, 
Further, the possibility of initiating or controlling such a conversion in 
any practical way seemed very remote, Finally, the very size of the con- 
version factor opened a magnificent field of speculation to philosophers, 
physicists, engineers, and comic-strip artists. For twenty-five years such 
Speculation was unsupported by direct expsrimental evidence, but beginning 
about 1930 such evidence began to appear in rapidly increasing quantity, 
Before discussing such evidence and the practical partial coaversion.of 
matter into energy that is our main theme, we shall review the foundations 
of atomic and nuclear physics. General familiarity with the atomic nature 
of matter and with the existence of electrons is assumed. Our treatment will 
be little more than an outline which may be elaborated by reference to books 
such as Pollard and Davidson's Applied Nuclear Physics and Stranathan'’s The 


Particles of Nuclear Physics. 


Radioactivity and Atomic Structure | 


1.6. First discovered by H. Becquerel in 1896 and sul sequently 
studied by Pierre and Marie Curie, E. Rutherford, and many others, the 
phenomenaaf radioactivity have played leading ilos in the discovery of the 
general laws of atomic ir dob and in the verification of the equivalence 
of mass and energyo s 
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Ionization by Radi 


1.7. The first observed pienomenon of radioactivity was the 
blackening of photographic plates by uranium minerals. Although this effect 
is still used to some extent in research on radioactivity, the property of 
radioactive substances that is of greatest sciontific value is their ability 
to ionize gases. Under normal conditions air and other gases do not conduct ` 
electricity ~ otherwise power lines and electrical machines would not 
operate in the opon as they do. But under some circumstances the molecules 
of air are broken apart into positively and negatively charged fragments, 
called ions. Air thus ionized does conduct electricity, Within a few months 
after tho first discovery of radioactivity Becquerel found that uranium had 
the pewer to ionize air. Specifically he found that the charge on an . 
electroscope would leak away rapidly through the air if some uranivm salts 
were placed near it, (The same thing would happen to a storage battery if 
sufficient radioactive material were placed near by.) Ever since that time 
tho rate of discharge of an electroscope has served as a measure of intensity, 
of radioactivity. Furthermore, nearly all present-day instruments for study- 
ing radioactive phenomena depend on this ionization effect directly or in- 
directly. An. glementary areount of such app eer ote Jotatiy, electroscopes , | 


given in Appendix l. 


The Different Radiations or Particles 

1,8. Evidence that different radioactive substances differ in 
their ionizing power both in kind and in intensity indicates that there are 
differences in the "radiations" emitted. Some of the radiations are much 
more penetrating than others; consequently, two radioactive samples having 
the same effect on an “unshielded electroscope may have very different 
effectsif the alectroscope is "shielded," isə., if screens are interposed 
between the sample and the electroscope. These screens are said to absorb 
the radiation. 


1.9. Studies of absorption and other phenoriena have shown that in 
fact there are three types of "radiation" given off by radioactive substances. 
There are alpha particles, which are high-speed ionized helium atoms 
(actually the nuclei of helium atoms), beta particles, which are high-speed 
electrons, and gamma rays, which are electromagnetic radiation similar to 
X-rays. Of these only the gamma rays are properly called radiations, and 
even these act very much like particles because of their short wave-length. 
Such a "particle" or quantum of gamma radiation is called a photon. In 
general, the gamma rays are very penetrating, the alpha and beta rays less 
so, Even though the alpha and beta rays are not very penetrating, they have 
enormous kinetic energies for particles ur atomic size, energies thousands of 
times greater than the kinetic energies which the molecules of a gas have by 
rearon of their thermal motion, and thousands of times greater than the 
energy changes per atom in chemical reactions. It was for this reason that _. 
Einstein suggested that studies of radioactivity might show the equivalence 
of mass and energy. . 
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The Atom 


1,40. before considering what types of atoms cvit alpha, beta, and 
gomm rays, and bafore discussing Vie Java that govern such eniasion, we shall 
describe the currant ideas on how atom: are coustructed, ideas based partly 
on the study of radioactivity. 


1,11. According to cup present view evory etom consists of a small 
heavy aucleus approximately 10-77 cn in diameter surrcumed by a largely empty 
region 10-" cm in diateter in which electrons move somewhat like planets about 
the sun. Jha nucleus curries an integral number of positive charges, each 
1,6 x 10~'? coulombs in size. (See Agpondix 2 for a @iscussion of units.) 
Each electron carries one negative charge of this came size, and the number of 
electrons circulating around the nucleus is equal to the number of positive 
charges on tha nucleus so that the atom as a whole has a net charge cof zero. 


‘1.22. Atomie Nurbor and Electronie Structure. The nunber of posi- 
tive charges in the nucleus ia called the atomic number, Z.° It dotermines 
ha number of electrons in the extranuclear structure, and this in turn deter- 
mines the chemical properties of the atom. Thus all the atoms of a given 
chemical eleacnt havé the sam atomic nuaber, and conversely all atoms having 
the saw? atonic number are atons of the sama element. razardless of possible 
differsaccs in their nuclear structure. Tha extraruclear electrons in an atom 
arrangs themselves in sucesesive shells according to well-established laws, 
Optical spsotra arise from disturbances in the outer parts of this eleetron 
structure; X-rays arise from disturbances of the electrons cloze to the 
nuclens. The chemical properties of an atom depend on the outermost electrons, 
and Lhe formation of chemical compounds is accompanied by miner rearrange- 
ments of these electronice structures. Conseyuently, when energy is obtained 
by oxidation, combustion, explosion, or other chemical processes, it is ob- 
tained at the.expsnse of these structures so that the arrangement of the - 
electrons in tie products of the process must be one of lowered energy con- 
tent. (Presumably the total mags of these products is correspondingly lower 
but not detectably so.) The atomic nuclei are not affected by any chemical 


process. 


1.23. Wass Numoor. Not only is the positive charge on a nuclens 
always an integral number of elactronie charges, but the mass of the nucleus 
is always approximately a whole number times a fundamental unit of mass which 
is almost the mass of a proton, the nuclous of a hydrogen atom. (Soe Ap- 
pendix 2.) This whole number is called the mass number, A, and is always at’ 
least twice as great as tho atomic number except in the cases of hydrogen and 
a rare isotope of helium. Since the mass of a proton igs about 1800 tines 
that of an electron, the masa of the nucleus is very nearly the whole mass of 
í 


the atom. 


1.14. Isotopes and Isobars. Two species of atoms.having the same 
atomic number but different mass numbers are called isotopes. They are 
chemically identical, being merely two species of the same chemical element. 
If two species of atons have the same mass number but different atomic 
numbers, they are called isobars and represent two different chemical ele- 


ments. i 
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Radioactivity and gucheze Change 
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1.15. If an atom ctits an alpha particle (which has an atomic num=. - 
ber of two and a mass of four), it becomes an atom of a different element’ 
witn an atomic munber lower by two and a mass number Jower by four. The 
emission by e nucleus Of a beta particle increases the atomic number by one 
ana leaves the mags nunber unaltered. in some cases, these changes are ac- 
companied by the emission of gamma rays, Elements which spontaneously change 
or "disintegrate" in these ways are unstable and are cescribed as being 
"radioactive." The only natural elements which exhibit this property of 
omitting alpha or beta particles are (with a few minor exceptions) those of 
very high atomic numbers and mass numbers, such as ureriun, thorium, radium, -' 
and actinium, i.se., those known to have the most complicated nuclear struc~ `" 
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Half-hives; ‘the Hadloactive Series 


1,16. All the atoms of a particular radioactive species have the 
same probability of disintegratirg in a given time, so that an approciable 
sample of radioactive material, containing many millions of atoms, always 
changes or "disintegrates" at the sams rate. This rate at which tho material 
changes is expressed in berms of the "half-life," the time required for one 
half the atoms initially present to disintegrate, whic evidently is constant 
for any particular atomic specics, Half~-lives of radicactive ‘materials range 
from fracticna of a second for tho most unstable to billions of years for 
those which are only slightly unstaole. Often, the "daughter" nucleus Like 
its radioactive "parent" is itself radioactive and so on down the line for 
several. successive generations of nuclei until a stabl< one is finally 
reached, There are three such families or series comprising all together 
about forty different radioactive specios. The radium series starts from one 
isotope of uranium, the actinium series from another isotope of uranium, and 
the thorium series from thorium. The final product of each series, after ten 
or twelve successive alpha and beba particle emissions, is a stable isotope 
of lead. i å 


First Demonstration of Artificial Nuclear Disintezration 


+1.17. Before 1919 no cne had succeeded in disturbing the stability 
of ordinary nuclei or affecting the disintogration rates of those that were 
naturally radioactive. In 1919 kutherford showed that high-energy alpha ` 
particles could cause an alteration in the nucleus of an ordinary element. 
Specifically he succeeded in changing a few atoms of nitrogen into atoms of 
oxygsn by bombarding then with alpha particles. The process involved may be 
written as 

-poka nit > oF, yt 

meaning that a helium nucleus of mass number 4 (an alpha particle) striking a 
nitrogen nucleus of masg number 14 producea an oxygen nucleus of. mass number 
17 and a hydrogen nucleus of mass number l, The hydrogen nucleus, known as 
the "proton," is of special importance since it nas the smallest mass of any 
nucleus. Although protons do not appear in natural radioactive processes, 
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there is much direct evidence that they can be knocked out of nuclei. 
the Neutron 


1,18. In the decade following Hutherford's work many similar ex- 
periments were performed with similar results, One series of experiments of 
`. this type led to the discovery of the neutron, which will be discussed in 
soma detail since the neutron is practically the theme song of this whole pro- 
ject. : 


1,29. In 1930 We Bothe and H. Becker in Germany found thet if the 
very energetic natural alpha particles from polonium fell on certain of the 
light elements, specifically beryllium, boron or lithium, an unusually pene- 
trating radiation was produced, Ab first this radiation was thought to be ` 
gamma radiation although it was more penetrating than any gamma rays known, 
and the details of experimental results were very difficult to interpret on 
this basis. The next important contribution was reported in 1932 by Irene 
Curie and F. Joliot in Paris. They showed that if this unknown radiation 
fell on paraffin or any other hydrogen-containing compound it ejected protons 
of very high mergy. This was not in itself inconsistent with the assumed 
ganma-ray nature of the new radiation, but detailed quantitative analysis of 
the data became increasingly difficult to reconcile with such an hypothesis, 
Finally (later in 1932) J. Chadwic« in England performed a series of experi- 
ments showing that the gamna ray hypothesis was untenable, He suggested that 
in fact the new radiation consisted of uncharged particles of approximately 
the masg of the proton, and he performed a series of cxoeriments verifying 
his suggestion. Such uncharged particles are now called neutrons. 


1,20. The one characteristic of neutrons which differentiates them 
from other subatomic particles is the fact that they are uncharged. This 
property of neutrons delayed their discovery, makes them very penetrating, 
makes it impossible to observe them directly, and makes them very important 
as agents in nuclear change. Tobe sure, an atom in its normal state is also 
uncharged, but it is ten thousand times larger than a neutron and consists of 
a complex system of negatively charged electrons widely spaced around a posi- 
tively charged nucleus. Charged particles (such as protons, electrons, or 
alpha particles) and electromagnetic radiations (such as gamma rays) lose 
energy in passing through matter. They exert electric forces which ionize 
atoms of the material through which they pass. (lt is such ionization pro- 
cesses that make the air electrically conducting in the path of electric 
sparks and lightriing flashea.) The energy taken up in ionization equals the 
energy lost by the charged particle, which slows down, or by the gamma ray, 
which is absorbed, The neutron, however, is unaffected by such forces; it is 
‘affected only by a very short-range force, iS., a force that comes into play 
when the neutron comes very close indeed to an atomic nucleus. This is the ™ 
kind of forca that holds a nucleus together in spite of the mutual repulsion 
of the positive charges in it. Consequently a free neutron goes on its way 
unchecked until it makes a "head-on" collision with an atomic nucleus. Since 
nuclei are very small, such collisions occur but rarely and the neutron 
travels a long way before colliding. In the case of a collision of the 
"elastic" type, the ordinary laws of momentum apply as they do in the elastic 
collision of billiard balls. If the nucleus that is struck is heavy, it ac- 
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quires relatively little speed, but if it is a proton, which is approxi- 
mately equal in mass to the neutron, it is projected forward wilh a large 
fraction of the original speed of the neutron, which is itself corresponding- ' 
ly slowed. Socondary projectiles resulting from these collisions may be de- 
tected, for thay are charged and produce ionization. Tho uncharged nature of 
the neutron makes it not only difficult to detect but difficult to control. 
Charged particles can be accelerated, decelerated, or deflected by electric 
or magnetic fields which have no effect on neutrons. Furthermore, free neu- 
trons can be obtained only from nuclear disintegrations; there is no natural 
supply. The only means we hava of contsvssing free neutrons is to put nuclei’ 
in their way 90 that they will be slowed and deflected or absorbed by col- 
lisions. As we shall see, these effects are of the greatest practical im- 
portance. : 

r 


Tho Positron and the Deuteron 


1.21. The year 1932 brought the discovery not only of the neutron 
but also of the positron. The positron was firat observed by C. D. Anderson 
at the California Institute of Technology. : It has the same mass.and the same’ 
magnitude of charge as the electron, but the charge is positive instead of 
negative. Except as a particle emitted by seat aaa radioactiva mulets it 
is of little interest to us, 


1,22. One other major discovery marked the year 1932. H. C. Urey, 
F. G. Brickwedde, and G. M. Murphy found that hydrogen had an isotope of mass 
mimber 2, present in natural hydrogen to one part in 5000. Because of its 
special importance this heavy species of hydrogen is given a name of its own, 
douterium, and the corresponding nucleus is called the deuteron. Like the 
alpha particle it is not one of the fundamental particles but does play an 
important role in certain processes for producing nuclear disintegration. | 


Nuclear Structure 


1.23. The idea that all elements are made out of a few fundamental 
particles is an old one. It is now firmly established, wè believe that there 
are three fundamental particles -- tho neutron, the proton, and the electron. ` 
A complete treatise would also discuss the positron, which we have mentioned, 
the neutrino and the mesotron. The deuteron and alpha particle, which have 
already been mentioned, are important complex particles. 


1.24. According to our present views the nuclei of all atomic 
Species are made up of neutrons am protons. The number of protons is equal 
to the atomic number, Z. The number of neutrons, N, is equal to the differ- 
ence between the mass number and the atomic number, or A - Z. There are two 
sets of forces acting on these particles, ordinary electric coulomb forces of 
repulsion between the positive charges and very short-range forces of at- 
traction between all the particles, These last forces are only partly- under- 
stood, and we shall not attempt to discuss them. Suffice it to say that com- 
bined effects of these attractive and repulsive forces are such that only 
certain combinations of neutrons and protons are stable. If the neutrons and 
protons are few in number, stability occurs when their numbers are about 
equal, For larger nuclei, the proportion of neutrons required for stability 
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is greater. Finally, at the ond of tha periodic table, where tho number of 
protona is over 90 and the numbor of neutrons nearly 150, there ara no com- 
pletely atable nuclei, (Somo of the-hoavy nuclei are almost stablo as evi- 
denced by very long half-Jivos.) If an unatable nucleus is formed arti~ 
ficlally by adding an extra neutron or proton, eventually a change to a 
‘stable form occurs. Strangely enough, this is not accomplished by ejecting a 
proton or a neutron but by ajesting a positron or an electron; apparently 
within the nuclous a proton converts itself to a neutron and positron (or a 
neutron converts itself into a proton and electron), and the light charged 
particles is ejected. In other words, the mass number remains the same but 
the atomic number changes. The stability conditions are not very critical so 
that for a given mass number, i., given total number of protons and neutrons, 
there may be several stable arrangements of protons and neutrons (at most 
throe or five) giving several. isobaras, For a given afomic number, 1.e., 
given number of protons, conditions can vary still more widely so that some 
of the heavy elements have as many as ten or twelve stable isotopes, Some 
two hundred and fifty different stable nuclei have been identified, ranging 
in mass number from one to two hundred and thirty-eight and in atomic number 
from ono to ninety~tno. 


1.25. All the statements we have been making are based on experi- 
montal evidence. The theory.of nuclear forces is still incomplote, but it 
has been developed on yquantum-mechanical principles sufficiently to explain 
not only the above observations but more detailed empirical data on arti- 
ficial radioactivity and on differences between nuclei with odd and even mass 
numbers v 


Artificial Radioactivity , 


1.26. we mentioned above the emission of positrons or electrons by 
nucloi seeking stability. Electron emission (beta rays) was already familiar 
in the study of naturally radioactive substances, but positron emission was 
not found in the case of such substances, ln fact, the general discussion 
precented above obviously was based in part on information that cannot be 
presented in this report. tie shall, however, give a brief account of the 
discovery of "artificial" radioactivity and what is now known about it. 


1.27. In 1934, Curie and Joliot reported that certain light ele- 
ments (boron, magnesium, aluminum) which had been bombarded with alpha parti- 
cles continued to émit positrons for soma time after the bombardment was 
stopped. In other words, alpha-particle bombardment produced radioactive 
forms of boron, magnesium, and aluainum. Curie and Joliot actually measured 
half-lives of l4 minutes, 2.5 minutes, and 3.25 minutes, respectively, for 
the radioactive substances formed by the alpha-particle bombardment. i 


1.28, This result stimulated similar experiments all over the 
world, In particular, E. Fermi reasoned that neutrons, because of their lack 
of charge, should be offective in penctrating nuclei, especially those of 
high atomic number which repol protons and alpha particles strongly. He was 
able to verify his prediction almost immediately, finding that the nucleus of 
the bombarded atom captured the neutron and that thers was thus produced an 
unstable nucleus which then achieved stability by emitting an electron. Thus, 


I9 


the final, stable nucleus was one unit higher in mass number and one unit 
higher in atatic number than the initial target nucleus. 


1.29. Aa a result of Annumerablo oxperiments carried out since 
1934, radioactivo isotopos of noarly every elvaont in tha poriodic table can 
now he produced, Sone of them revert to stability by the emission of posi- 
trons, some by the emission of olcetrons, sane by a process knom as K- 
electron capturo mhich wo shall not discuss, and a small number (probably 
three) by alpha particle emission. Although some five hundred unstable 
nuclear apscies have been observed, and in most cases their atomic numbers 
and mass numbers have bean identified. 


1.30. Not only do these artificially radioactive elements play an 
important role throughout tne project with which We are concerned, but their 
futuro value in medicine, in "tracer" chemistry, and in many other fields of 
research can hardly be overestimated. : 


Nuclear Binding bnorgtes 


1,31. In describing radioactivity and atomic structure we have 
deliberately avoided quantitative data and have not mentioned any appli- 
cations of the eyuivalence of mass and energy which we announced as the 
guiding principle of this report, Tho time has now come when we must speak 
of quantitative details, not merely of general principles, 


1.32. Wa have spoken of stable and unstable nuclei made up of 
assemblages of protons and neutrons held together by nuclear forces, It is a 
general principle of physics that work must be dona on a stable system to 
break it up. Thus, if an assemblage of neutrons and protons is stable, energy 
must be supplied to separate its constituent particles. If energy and mass 
are really equivalent, then the total mass of a stable nucleus should be less 
than tho total mass of the separate protons and neutrons that go to make it 
up. This mass difference, then, should bə equivalent to the energy required 
to disrupt the nucleus completoly, which is called the binding energy. Re- 
momber that we said that the masses of all nuclei were "approximately" whole 
numbers. It is the small differences from whole numbers that are significant. 


‘ 1.33. Consider the alpha particle as'an example. It is stable; 
since its mass number is four and its atomic number two it consists of two 
protons and two neutrons. The mass of a proton is 1.00758 and that of a neu- 
tron is 1.00893 (see Appendix 2), so that the total mass of the separate com- 
ponents of the helium nucleus is 


2 x 1.00758 + 2x 1.00893 = 4.03302 


whereas the mass of tie helium nucleus itself is 4.00280, Neglecting the last 
two decimal places we have 4.033 and 4.003, a difference of 0.030 mass units, 
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This, then, reprosents the "binding enargy' of the protons and neutrons in 
the he} ium nucleus, It looks small, but recalling Hinstein’s equation, 

E » me“, we remember that a small amount of macg is equivalent to a large 
amount of energy. enema 0.030 mass units is aqal to 4.5 x 10-2 ergs per 
nucleun or 2,7 x 10°” orgs per gram molecule of helium. In units more fa~ 
miliar to the enginesr or chemist, this mcana that to break up the nuclei of 
all the helium atoms in a gram of helium would roquire 1.62 x 10 gram 
calorios or 190,000 kilowatt hours of energy. Convorscly, if fros protons 
and neutrons could be assembled into holium nuclei, this energy would be re- 
leasod, 


1.34. Evidently it ia worth exploring tha possibility of getting 
energy by combining protons and neutrons or by transmuting one kind of 
nucleus into another, Let us begin by reviewing present-day knowledge of the 
binding onergies of various nucloi. 


Mass Spectra and Binding Energies 


1.35, Chemical atomic-weight determinations give the average 
weight of a large number of atoms of a given olesent. Unless the element has 
only one isotope, the chemical atomic weight is not proportional to the mass 
of individual atoma., Tho mass spectrograph developed by F. W. Aston and 
others from the earlier apparatus of Jo Je Thomson measures the masses of 
individual isotopes. Indeed, it was just such measurements that proved the 
existence of isotopes and showed that on the atomic-weight scale the masses 
of all atomic species were very nearly whole numbers. These whole numbers, 
discovered exporimentally, are the mass numbers which we have already de- 
fined and which represent the sums of the numbers of the protons and neu- 
trons; thoir discovery contributed largely to our pressnt views that all nu- 
clei ara combinations of neutrons and protons, 


1.36. Improved mass spectrograph data supplemented in a few cases 
by nuclear reaction data have given accurate figures for binding onergles for 
many atomic species over the whole range of atomic masses. This binding 
energy, B, is the difference between the true nuclear mass, M, and the sum 
of the masses of all the protons and neutrons in the nucleus, That is, 


Bm (4 + NM) ~K 


where H, and M, are the masses of the proton and neutron respectivaly, Z is 
the number of protons, N= A = 4 is the number of neutrons, and Mis the 
true mass of the nucleus. It is more interesting to study the binding energy 
per particle, B/A, than B itself. Such a study shows that, apart from fluc~ 
tuations in the light ruclei, the general trend of the binding energy per 
particle is to increase rapidly to a flat maximum around A = 60 (nickel) anà, 
thon decrease again gradually. Evidently the nuclei in the middle of the 
periodic table ~~ nuclei. of mass numbers 40 to 100 -—- ara the most strongly 
bound. Any nuclear reaction where the particles in the resultant nuclei are 
more strongly bound than the particles in the initial nuclei will release 
energy. Speaking in thermochemical terms, such reactions are exothermic. 
Thus, in general, energy may be gained by combining light nuclei to form 
heavier ones or by breaking very heavy ones into two or three smaller frag- 
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ments. Also, there are a number ef special cases of exothermic nuclear dis- 
integrations among the first ton or twelve elements of the periodic table, N 
whore the binding energy por particle varies irregularly from one element to.. 
anothor. eae ; x 


1.37. So far we ssem to be piling one supposition on another. 
First we assumed that mass and energy were equivalmt; now we are assuming 
that atomic nuclei can be rearranged with a caisequent reduction in their ' 
total mass, thereby releasing enecgy which can then be put to uae, It is ea 
time to talk about some experiments that convinced physicists of the truth of.: 
these satatononta. + 


Experimental Proof of the Koquivalence_of Mass and Enorgy 


z ; 
as 38. As we hayo already said, Rutherford's work in 1919 on arti- 

ficial nuclear disintegration was followed by many similar experiments. 

Gradual improvement in high voltage technique made it possible to substitute 

artificially produced high-speed ions of hydrogen or helium for natural alpha 

particles, J. D. Cockcroft and E.. T. S. Walton in Kutherford’s laboratory 

were the first to succeed in producing nuclear changes by such methods. In 

1932 they bombarded a target of lithium with protons of 700 kilovolts enorgy 

and found that alpha particles were ejected from the target as a result of 

the bombardment. - The nuclear veaption which occurred can be; written, symboli=. 

cally as w Ph y > E ems EAE ra k 


7 l 4 Hee ies aaa cian 
git + ve ) 2s + 2 E ha Ss at 


‘where the subscript represents the positive charge on the nucleus (atomic 
number) and the superscript is the number of massive particles in the nu- 
cleus (mass number). As in a chemical equation, quantities on the left must | 
add up to those on the right; .thus the ae total four and the aos aa 
scripts eight on each side. 


1.39. WNeithor mass nor energy has been included in this aaugiiees 
In general, the incident proton and the resultant alpha particles will each . 
have kinetic energy. Also, the mass of two alpha particles will not be pre- 
cisely the same as the sum of the masses of a proton and a lithium atom. wens 
According to our theory, the totals of mass and energy taken together should . Et 
be the same before and af}er the reaction. The masses were known from mass . 
spectra. On the left qual + H“) they totalled 8.0241, on the right (2 Ho) 
8.0056, ao that 0.0185 units of mass had disappeared in the reaction. Tho ; 
experimentally dotermined energies of the alpha particles were approximately | 
8.5 million electron volts each, a figure compared to which the kinetic 
energy of the incident proton could be noglected. Thus 0.0185 units of mass 
had disappeared and 17 Mev of kinetic energy had appeared. Now 0.0185 un} fs 
of masa is 3.07 x 1 6 grams, 17 Mov io 27.2 x 10~" ergs and c is 3 x 10 
cm/sec. (See Appendix 2.) If we substitute these figures into Einstein's 
equation, E = me“, on the left side we have 27.2 x 10-" ergs and on the right 
side we have 27.6 x 10-" ergs, so that the equation is found to be satisfied 
to a good approximation. In other words, these experimental results prove . _ 
that the equivalence of masa and energy was correctly stated by Einstein. — : ms 


Nuclo: an Rea tsona 


penaa 


Hothodn of Nuclear Bonbardmont 


1.40. Ċockeroft and Walton produced protons of fairly high energy 
by ionizing gaseous hydrogen and then accelerating the ions in a transformar- 
‘pectifior high-voltago apparatus, A siallar procedure can be usad to produce 
high-energy deuterons from deuterium or high-energy alpha particles from 
helium. Higher energies can be attained by accolerating the ions in cyclo- 
trons or Van de Greaff machines, However, to obtain high-energy gamma 
radiation or --- most important of all --~ high-snorgy noutrons, nuclear ro- 
actions themselves must be used as sources. Radiations of sufficiently high 
enorgy coma from certain naturally radioactive materials or from certain bom- 
bardments. Neutrons are commonly produced by the bombardment of certain ele- 
ments, notably beryllium or boron, by natural alpha particles, or by bom- 
barding suitable targets with protons or deuterons. Tne most common source 
of neutrons is a mixture of radium and beryllium where the alpha particles 
from radium ‘and ita decay products penetrate the Be? nuclei, which then give 
off neutrons end become stable CIÈ nuclei (ordinary carbon). A frequently 
used "boem! source of neutrons results from accelerated deuterons impinging 
on "heavy water" ice, Hore the high-spsed deuterons strike the target 
deuterons to produce neutrons and He? nuclei. Half a dozen other reactions 
are also used involving deuterium, lithium, bervllium, or boron as targets. 
Note that in all these reactions the total mass number and total charge 
number are unchanged, 


1.42. To summarize, the agents that are found to initiate nuclear 
riae are — in approximate order of importance —- neutrons, douterons, 
protons, alpha particles, gamma rays and, rarely, heavier particles. 


Results of Nuclear Bombardment 
1.42. Most atomic nuclei can be penetrated by at least one type of 
atomic projectile (or by gamma radiation). Any ouch penetration may result 
in a nuclear rearrangement in the course of which a fundamental particle ia 
ejected or radiation is amitted or both. The rosulting nucleus may bo ons 
of the naturally available stable species, or -~ more likely -- it may be an 
atom of a different type which is radioactive, eventually changing to still a 
different nucleus. This may in turn be radioactive and, if so, will again 
decay. The process continues until all nuclei have changed to a stable type. 
There are two respects in which these artificially radioactive substances 
differ from the natural ones: many of them change by emitting positrons 
(unknorm in natural radioactivity) and very few of them emit alpha particles. 
In every one of the cases where accurate measurements have been made, the 
equivalence of mass and ensrgy has been demonstrated and the mass-energy 


total has remained constant. (Sometimes it is necessary to invoke neutrinos. 


to preserve mass-energy. conservation. ) 
Notation 


1.43. A complete description of a nuclear reaction should include 
the nature, mass and energy of the incident particle, also the nature (mss 


© 


nunbor and alomle numbor), enas and energy (usually zoro) of the target 
particle, also the nature, macs and energy of the sjectad particles (or 
radiation), and Linally the nature, mass and energy of the remainder. But 

all of those aro raroly known and for many purposes their complete specifi- 
cation is unnoceszary.. A nuclear reaction is frequently described by a 
notation that dosignatos first the target by chemical symbol and mass number 
if known, then the projectile, then the emittod particle, and then the re- 
mainder. In this schome the neutron is represented by the latter n, the pro- 
ton by p, the deuteron by d, the alpha particle bya, and the gamma ray by ¥ a 
Thus the radium-beryllium noytron reaction can be written Be? (A .n}e and the 
deuteron-deuteron reaction H (d nie. ` 7 ae 


Types of Reaction ; Lie ENG 


t ‘ £ . 
LA. Considering the five different particles (n, p, d,%,%)- 
both aa projectiles and emitted products, we. might expect to find twenty-five . 
combinations possible, Actually the deuteron very rarely occurs as a product! 
particlo, and the photon initiates only tao types of Soncticy. Thore are, 
however, a fow other types of reaction, such as (n,2n), (a,H?), and fission,’ 
which bring the total known types to about twenty~five, Perhaps the (n,y) 
reaction should be specifically mentioned aa it is very important in one pro- 
cess which will concern us. It is often called "radiative capture" since the 
neutron remains in the nucleus and only a gamma ray comes out. j ` 


Probability and Cross Section 


1,45. So far nothing has been said about the probability of nu- 
clear reactions, Actually it varies widely. There is no guarantee that a 
neutron or proton headed straight for a nucleus will penetrate it at all. It 
depends on the nucleus and on the incidont particle, In nuclear physics, it 
is found conveniont to express probability of a particular event by a "cross 
section," Statistically, the centers of the atoms in a thin foil can be con-" 
sidered as points evenly distributed over a plane. The center of an atomic 
projectile striking this plane has geometrically a definite probability of 
passing within a cortain distance (r) of one of these points. In fact, if 
therg are'n atomic centers in an area A of the plane, this probability is 
nnr“/A, which is simply tho ratio of the aggregate area of circles of radius 
r drawn around tho points to the whole area. If wa think of the atoma as 
impsnetrable steel discs and the impinging particle as a bullet of negligible’ 
diameter, this ratio is the probability that the bullet will strike a steel 
disc, i.e., that the atomic projectile will be stopped by the foil. If it is 
the fraction of impinging atoms getting through the foil which is measured, 
the result can still be expressed in terms of the equivalent stopping cross 
section of the atoms. This notion can be extended to any interaction between 
the impinging particle and the atoms in the target. For example, the-pro- 
bability that an alpha particle striking a beryllium target will produce a 
neutron can be expressed us the equivalent cross section of beryllium for this 
type of reaction, + ' . 


1.46. In nuclear physics it is conventional to consider that the 


froin, ng particles have neslipible diasoter. Pho technical detinition of 
eroas vection for ony nuclear procevs is therefore: 


nurber of processos occurring | (muior of targot nu lol per cn”) 


mimber of incident particles x (nichlear cross section in cia”), 

It shoild be noted that this definition is for the crosa scction per nuclens, 
Crosa sactions.can be computed for-any sort of process, such as capture, 
scattering, production of neutrons, sic. In many cases, the number of parti- 
cles etted or scattered in nuclear processus is not measured directly; one 
merely measures the attenuation produced in a perallel beam of incident 
particles by-the interposition of a known thickness of a particular material. 
The cross section obtained in this way is called the total crosa section and 
is usually denoted by ga 


LAT. fa indicated in paragraph 1,11, the typical nuclear diameter 
is of tho orasr or 1u-+* cin. iwo might therefore expect tha cross sections 
for nuclear reactions to be of the order of 1 d*/4, or rovghly 10- cm* and 
this is the unit in which they are usually expressed. actually the observed 
cross acctions vary enormously. ‘Thus for slow neutrons absorbed by the | 
(n; Y) reaction tho cross section in some cases is as much as 1000 x l0- 
em, while the cross sections for transnutgtions by gamma-ray absorption are 
in the neighborhood of (1/1000) x 10-4 em^. : 


Erechicabs ity of Monts Foner in 1732 
Small Scale of Experiments 


1,48. ie have talked glibly about the equivalence of mass and 
energy and about nuclear reactions, such as that of protons on lithium, where 
energy was released in relatively large amounts. Now let us ask why atomic 
power plants did not spring up all over the world in the thirties. After 
all, if we can get 2.76 x 10-? ergs from an atom of lithium struck by a . 
proton, we might expect to obtain approximately half a million kilowatt hours 
by combining a gram of hydrogen with seven grams of lithiun, It looks better 
than burning coal, The difficulties are in producing the high-speed protons 
and in controlling the energy produced. All the experiments we have been 
talking about have been done with very small quantities of material, large 
enough in numbers of atoms, to be sure, but in terms of ordinary masses 
infinitesimal -- not tons or pounds or grams, but fractions of micrograms, 
The amount of enorgy used up in the experiment was always far greater than 
the amount. generated by the nuclear reaction. 


1.49. Neutrons ere particularly effective in producing nuclear - 
disintegration. why weren’t they used? If their initial source was an ion 
team striking a target, the limitations discussed in the last paragraph 
applied. If a radium and beryllium source was to be used,.the scarcity of 
radium was a difficulty. i 
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The Noed of a Chain Reaction 


1,50, Our common sources of power, other than sunlight and water 
power, are chemical reactions -- usually ths combustion of coal or oil. They 
release energy as the result of rearrangements of the outer electronic 
structures of the atoms, the same kind of process that supplies energy to our 
bodies. Combustion is always self~propagating; thus lighting a fire with a 
match releases encugh heat to ignite the neighboring fuel, which releases 
more heat which ignites more fuel, and so on. In the nuclear reactions we 
have described this is not gonerally true; noither the energy released nor 
tho new particles formed are sufficient to maintain the reaction, But we 
can imagine nuclear reactions emitting particles of the same sort that 
initiate them and in sufficient numbers to propagato the reaction in 
noighboring nuclei. Such a self-propagating roaction is called a "chain ro- 
action" and such conditions must be achieved if the energy of the nuclear re- 
actions with which we ara concerned is to be put to large-scale use, : 


Pericd of Speculation 


1.51, Although there wera no atomic power plants built in the 
thirties, there were plonty of discoveries in nuclear physics end plenty of, 
Speculation. A theory was advancod by He Jethe te explain the heat of the 
sun by a cycle of nuclear changes involving carbon, hydrogen, nitrogen, and 
oxygen, and loading eventually to the fomation of helium.* This theory is 
now generally accepted. The discovery of a fow (n,2n) nuclear reactions 
(i.e., neutron=produced and neutron-preducing reactions) suggested that a 
eelf-multiplying chain reaction might be initiated under the right con- 
ditions. There was much talk of atomic power and some talk of atomic bombs, 
But the last great stop in this preliminary period came after four years of 
stumbling. The effects of neutron bombardment of uranium, the most complex 
element known, had been studied by some of the ablest physicists. The re- 
sults were striking but confusing. The story of their gradual interpretation 


*The series of reactions postulated was 


(a) ge JH? s5 PE? 
(2) w? —y 0? + G 
(3) go? + yh i yt 
IO (4) gu + ye as ot 


AS 15 ‘3 
(5) g a nN 1° 
(6) ts + 1" 5 eo + Hot 


The net offect is the transformation of hydrogen into helium and positrons < 
(designated as 18°) and the release of about thirty million electron volts 
energy. 4 


is intricate and bighly techntcol. a Laacinating tale of theory and experi~ 
ment, Passing by the oarlior inadequate explanations, we shall go directly 
to the final explanation, which, aa co often happens, je relativoly simple, 


1.52. A3 has already beon mentioned, the neutron proved to be the 

most effective particle for inducing nuclear changes.. This was particularly 

` trus for the elements of highest atomic numbor and weight whore the large 
nuclear charge oxerts strong repuleive forces on deuteron or proton pro~ 
jectiles but not cn uncharged neutrons. The results of the bombardment of 
uranium by neutrona had proved interesting and puzzling. First studied by 
Feral and hia colleagues in 1934, they were not properly i ala until 
soveral years later, 


1,53. On January 16, 1939 Niels Bohr of Copenhagen, Denmark, ar- 
rived'in this country to spend several months in Princeton, Ne Ja, and was 
particularly anxious to discugs some abstract problems with A. Einstein, 
(Four years later Bohr was to escepe from Nazi~occupied Denmark in a small 
boat.) dust before Bohr left Denmark two of -nis colleagues, O. Ra Frisch and 
L. Weltner (both refugees from Germany), had told him thelr guess that the 
absorption of a neutron by a uranium nucleus sometimes caused that nucleus to 
split into approximately equal parts with the release of enormous quantities 
of sidriy, a process that soon began to be called nuclear "fission," Ths 
occasica Zor this hypothesis was the important diecovery of O. Hahn and F. 
iann in Germany (published in Naturwissenschaften in early January 1939) 
which proved that an isotrope of barium was produced by neutron bombardment of 
uranium, Immodiately on arrival in the United States Eolr communicated this 
idea to his former student J. A. Wheeler ani others at Princeton, and from 
then the news spread by word of mouth to neighboring physicists including 
E. Vormi at Columbia University, As a result of conversations between Fermi, 
J. Re Dunning, and G. B. Pegram, a search was undertaken at Columbia for the 
heavy pulses of ionization that would be expected from the flying fragments 
of the uranium nucleus. On January 26, 1939 there was a Conference on 
Thoorotical Physics at Washington, D. Ce, aponsored jointly by the George 
Washington University and the Carnegie Institution of Washington. Fermi left 
Now York to attend this meeting before the Columbia fission experimonts had 
been tried. At the meeting Bohr and Fermi discussed the problem of fission, 
and in particular Fermi mentioned the possibility that neutrons might be . 
emitted during the process. Although this was only a guess, ite implication 
of the possibility of a chain reaction was obvious. A number of sensational 
articles were published in the press on this subject. Bofore the meoting in 
Washington was over, several other experiments to confirm fission had been 
initiated, and positive experimental confirmation was reported from four 
laboratories (Columbia University, Carnegie Institution of Washington, Johns 
Hopkina University, University of California).in the February 15, 1939 issue 
of the Physical Heview. By this time Bohr had heard that similar experiments 
had been made in his laboratory in Copenhagen about January 15th. (Letter 
by Frisch to Nature dated January 16, 1939 and appearing in the February 18th 
issue.) F. Joliot in Paris had also published his first results in the 
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Comptes Rendus of January 30, 1939. Fron this time on there was a steady 

flow of papers on tho eubject of fission, so that by the timo (December 6, 
1939) Turnor wroto a roviow article on the subject in the Reviews of Hodern 
Physica nearly one hundred papors had appeered. Complete analysis and dis- 


cussion of these papers have appeared in Turner's article and elsewhere, 
Gonoral Discussion of Fission 


1,54. Consider tho suggestion of Frisch and Mecitner in the light 
of the two gcneral trends that had been discovered in nuclear structure; == 
first,.that the proportion of neutrons goes up with atomic number; second, 
that the binding energy por particle is a maximum for the nuclei of inter- 
mediate atomic numbor. Suppose the U-238 nucleus is broken exactly in half; 
then, noglocting the mass of the incident neutron, we have two nuclei of 
atomic number 46 and mass number 119. But the heaviest stable isotope of 
palladium (Z = 46) has a mavs. number of only 110. Therofore to reach sta- 
bility oach of those imaginary new nuclei must eject nine neutrons, becoming 
1,6Pd nuclei; or four noutrons in each nucleus must convert themselves to 
protono by emitting electrons, thereby forming stable tin nuclei of masa 
number 119 and atomic number 50; or a combination of such ejections and con- 
versions must occur to give some other pair of stable nuclei. Actually, as 
was suggosted by Hahn and Strasamann's idontification of barium (2 » 56, 

A = 135 to 140) as a product of fission, the split occurs in such a way as 
to produce two unequal parts of mass numbera about 140 and 90 with the 
emission of a few neutrons and subsequent radioactive decay by electron o= 
mission until stable nuclei are formed. Calculations from binding-energy 
data show that any such rearrangement gives an aggregate resulting mass con- 
siderably less than tho initial mass of the uranium nucleus, and thus that a 
great deal of energy must be released. 


1.55. Evidently, there were three major implications of the 2 
phenomenon of fission: the release of energy, the production of radioactive 
atomic species and the possibility of a neutron chain reaction, The energy 
release might revcal itself in kinetic energy of the fission fragments and in 
the subsequent radioactive disintegration of the products. The possibility 
of a neutron chain reaction depended on whether neutrons were in fact emitted 
=- a possibility which required investigation. 


1.56. These were the problems suggested by the discovery of 
fission, the kind of problem reported in the journals in 1939 and 1940 and 
since then investigated largely in secrot. The study of the fission process 
itself, including production of neutrons and fast fragments, has been largely 
carried out by physiciata using counters, cloud chambers, etc. The study and 
identification of the fission products has been carried out largely by chemists, 
nho have had to perform chemical separations rapidly even with sub-micro~ 
scopic quantities of material and to mako repeated determinations of the half- 
lives of unstable isotopes. lic shall summarize the state of knowledge.aa of 
June 1940. By that time the principal facts about fission had been dis- 
covered and revealed to the scientific world. A chain reaction had not been 
. obtained, but its possibility —- at least in principle — was clear and 
several paths that might lead to it had been suggested. 


Dofinkto and Cencrally-trom Information on Fission 
1,57. All tho following infor.mtion was geasrally known in Juno 
1940, both hero and abroad: 


(1) That three elements — uranium, thorlum, ond protoactininm -— when bom- 
barded by neutrons somotines split into approximately equal fragments, and 
that these Sragmants woro isotopes of olemynts in tho middle of the periodic 
table, ranging from selonium (Z = 34) to lanthanum (2 = 57). 


(2) That most of these fission fragments were unstable, dacaying radio- 
actively by successivo emission of beta particles throtgh a sories of ale- 
monts to various stabla forms. i 


(3) That those fiesion fragments had very great kinetic energy.. 


(4) That fission of thorium and protoactinium was caused only by fast nou- 
trons (velocities of the order of thousands of miles per second), 


(5) That fission in uranium could bs produced by fast cr slow (so-called 
thornoal-velocity) neutrons; specifically, that thermal neutrons caused fission 
in one isotope, U-235, but not in the other, U-238, and that fast neutrons 
had a lower probability of causing fission in U-235 than thermal neutrons. 


(6) That at certain neutron speeds-there was a large capture cross section 
dn U-238 producing U-239 but not fission, 


(7) That the energy released per fission of a uranium nucleus was approxi- 
mately 200 million electron volts. 


(8) That high speed neutrons were emitted in tha process of fission. 


(9) That the average number of neutrons released per fission was somewhere 
between one and three. - 


(10) That high-speed neutrons could lose energy by inelastic collision with 
uraniuna nuclei without any nuclear reaction taking place. 


(11) That most of this information was consistent with the semi-empirical 
theory of nuclear structure worked out by Bohr and wheeler and others; this 
suggested that prodictions based on this theory had a fair chance of success. 


. 


Suggestion of Plutonium Fission 


1.58 It was realized that radiative capture of neutrons by U~-238 
would probably lead by two successive beta-ray emissions to the formation of 
a nucleus for which Z = 94 and A = 239. Consideration of the Dohr-sheeler 
theory of fission and of certain empirical relations among the nuclei by 
Lo A. Turner and others suggested that thia nucleus would be a fairly stable 
alpha emitter and would probably undergo fission when bombarded by thermal 
neutrons, Later the importance of such thermal fission to the maintenance of 


1-19 
The chain reaction was foreshadowed in private correspondence and discussion. 
in terms of our present knowledge and notation the particular reaction sug- 


gested is as follows: 


(0) 


a 239 239 
Ps + on > gl —- g3NP + a 
39 


> gfe? > se 


where Np and Pu are the chepical symbols now used for the two new elements, 
noptuniwa and plutoniun; on represents the neutron, and -18~ represents an 
ordinary (negative) electron. plutonium 239 is the nucleus rightly guessed 
to be fissionable by thermal neutrons. It will be discussed fully in later 
chapters, á r 
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Goneral State of Nuclear Physics 


1.59. By 1940 nuclear reactions had beon intensivoly studied for 
over ton years, Several books and review articles on nuclear physics had 
been published. Now techniques had beon developed for producing and con~ 
trolling nuclear projectiles, for atudying artificial radioactivity, and for 
separating sub-microscopic quantities of chemical elements produced by nu- 
clear roactions, Isotope masses had been measured accurately, Neutron- 
capture cross sections had been measured. Mothods of slowing down neutrons 
had been developed. Physiological effects of neutrona had been observed; 
they had sven been tried in the treatment of cancer. All such information 
was generally available; but lt was very incomplete. There wore many gaps 
and many inaccuracies, The techniques were difficult and the quantities of 
materials available wers often sub-microscopic. Although the fundamental 
principles were clear, the theory was full of unverified assumptions and cal- 
culations were hard to make. Predictions made in 1940 by different physicists 
of equally high ability were often at variance. The subject was in all-too- 
many respects in art, rather than a science, 


Summary 


1.60, Looking back on the year 1940, we see that all the pre- 
requisites to a serious attack on the problem of producing atomic bombs and 
controlling atomic power were at hand. It had been proved that mass and 
energy were equivalent. It had been proved that the neutrons initiating 
fission of uranium reproduced thanselves in the process and that therefore a 
multiplying chain reaction might occur with explosive force., To be sure, no 
one know whether the required conditions could be achieved, but many scientists 
had clear ideas as to the problems involved and the directions in which 
solutions might be sought. The next chapter of this report givos a statement 
of the problems and serves as a guide to the developments of the past five 
-yoars. ; s ; 


GHAPTAQ I 
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Introduction 


2.1, From the time of the first discovery of the large amounts of 
energy released in nuclear reactions to the time of the discovery of uranium 
fission, the iuea of atomic Bdge or evon atomic bombs was discussed off and 
on in schentific circles. bs discovery of fission made this talk seem much 
less speculative, but Sees e of atomic per, Btill seersd in the dis tant y 
Tutura and thera wag an iustinctive fooling among’ many scientists that it 
might not, in fact, ever be realized. During 1939 and 1940 many public state~ 
ronto, soma of thoa by responsible sciontists, called attention to the enor= 
meus energy available in ureniva for explosives and for controlled powsr, oo 
that U-235 became a femiliar by-word indicating great things to coms. Ths 
possible military importance of ‘uraniua fission was called to the attention 
of the governmont (see Chapter ITZ), and in a conference with representatives 
of the Navy Department in March 1939 Fermi suggested the poesibility of 
achieving a controllable reaction using slow neutrons or a reaction of an 
explosive character using fast neutrons. Ue pointed out, hoxevar, that the 
data then available might bo insufficient for accurate predictionse 


202. ‘By the eummer of 1940 it was possible to formulate the prob~ 
em fairly clearly, although it was still lar fron possible to answer the 
various questions involved or even to dezide whether a chain reaction ever 
could be obtaineds. In thie chapter we shall give a statement of the problem 
in its entirety. For purposea of clarification we may make use of some knov~ 
ledge which actually was not acquired until a later date. 


The Chain~Reaction Problem 


2.30 The principle of operation of an atomic bomb or power plant 
utilizing uranium fission is si ple enough. If one neutron causes a fiselon 
that produces more than one new neutron, the number of fissions may increase 
tremendously with the release of enormous amounts of energye It is a ques~ 
tion of probabilities. Neutrons produced in the fission process may escape 
entirely from the uranium, may be captured by uranium in a process not re~ 
sulting in fission, or may be captured by an impurity. Thus the question of 
whether a chain reaction does or, does not go depends on the result of a con~ 
petition awong four processes: 


(1) escape, 

(2) non-fission apture by uranium, 
(3) non~fission pture by impurities, 
fission captusds 


If the loss of neutrons by the first three processes is less than the surplus 
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206. The relative number of neutrons which escape from a’ quantity 
of uranium can be minimized by changing the size and vhape. In a sphere any 
surface effect is proportional to the suuare of the radius; and any voluce 
effect, is proportional to the cube of the radius» Now the eacape of neutrons 
from a quantity of uranium is a surface effect depen ing on the area of the 
surface, but fission captura occurs throughout the saterial and is therefore 
e volvre effecte Consequently the greater tha ancung of uranium, the less 
probable it js that neutron escepe wild predominate over fission capture and 
preymt a chain reaction. Loss of neutrons by nom-fisaica capture is a volume 
effect like neutron production by fission capture, so that increase in size 
makes no change in its relative importancas 


2.7, The critical size of a device containing uranium is defined as 
the size for which the production of free neutrons by fics ion is just equal to 
their loss by escape and by non-fissionm capture. In other words, if the size 
is amaller than critical, then =- by definition -= no chain reaction will sus- 
tain itself. In principle it was possible in 1940 to calculate the critical 
size, but in practice the uncertainty of the constants involved was so great 
that the various estimates differed widsly. It seemed not improbable that the 
critical size might be too large for practical purposes, Even now estimates 
for untried arrangements vary somewhat from tine to time as new information | 
becomes available., . 


Use of a Moderator to Reduce Non-fission Capture 

2-8. In Chapter I we said that theraal neutrons have the highest’ 
probability of producing fission of U-235 but we also said that the neutrons 
emitted in the process of fission had high speeds. Evidently it was an overe’ 
simplification to say that the chain reaction might maintain itself if more 
neutrons were created by fission than were absorbed. For the probability both 
of fission capture and of non-fission capture depends on the speed of the 
neutrons, Unfortunately, the speed at which non-fission captura ia most 


probable is intermediate totieen “he average speed of neutrons emitted in the 
fission process and the sreed at riich fission capture is most probable. 


2.9, For some years before tha discovery of Fission, the cuetomary , 
way of slowing dow nentrons was to canse them to pasa through material of low 
atomic weight, auch as hydroparoin materiale It waa E Formi and L. Szilard 
who proposed the uae of graphite ac a moveretor Yor a chain reaction: The 
process of slowing dorh or moderation is simply one of elastic collisions 
between high-speed particles end particles practically at rest. The more 
nearly identical the masssg of neutron and struck particle the greater the 

. Losa of kinetic energy by the nanirone Thorefere the light elements are most 
effective as "moderators", ices, slowing down egents, for neutrons: 


2010. It eseurrad to a number of physicists that it might be pos- 
sible to mix uranium with a mnodsrator in such a way that the high-speed fis- 
sjon neutrons, alter being ejeatea from uraninn and before re-~encountering 

‘uranium nuclei, would have their speeds reduced below the speeds for which 
nen-fisgion capture is highly probable. Evidently the characteristics of a 
good moderator are that it should be of low atomic weight and that it should 
have little or no tendency to absorb neutrons. Lithium and boron are excluded 
on the latter count. Helium is difficult to use because it is a gas and forns 
no compoundse The choice of moderator therefore lay between hydrogen, 
deuterium, beryllium, and carbone Even now no one of these substances can be 
excluded from the list of practice] possibilities. f 


Usa of a Lattice to Reduce Non-fission Ceptuce “ 
2011. The general scheme of using a moderator mixed with the ur- 

anium was pretty obvious. A specific manner of using a moderator was first 
suggested in this country, so far as we can discover, by Fermi and Szilard- 
The icea was to use lumps of uranium of considerable size imbedded in a matrix 
of moderator material. Such a lattice can.be shown to have real advantages 
ever a homogsneous mixture. As the constants were more accurately determined, 
it becume possible to calculate theoretically the type of lattice that would 
be most effective. 


Reduction of Non-fission Capture by Isotope Separation 


2.12, In Chapter I it was stated that for neutrons of certain 
intermediate speeds (corresponding to energies of a few electron volts ) U-238 
has a large capture cross section for the production of U-239 but not for 
fission. There is also a considerable probability of inelastic (ives, non- 
capture producing) collisions between high-speed neutrons and U-238 nuclei. 
Thus the presence of the U=238 tends both to reduce the speed of the fast 
neutrons and to effect the capture of those of moderate speed.» Although there 
may be some non-fission capture by U~235, it is evident that if we can sepa- 
rate the U-235 irom the U-238 and discard the U-238, we can reduce non—fission 
capture 4nd can thus promote the chain reaction. In fact, the probability of 
finsion or U-235 by high-speed neutrons may be great enough to make the use 
of a moderator unnecessary once the U~238 has been removed, Unfortunately, 
U-235 is present in natural uranium only to the extent of about one part in 
W020 Also, the relatively small diiference in mass between the two isotopes 
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2h; Tae problems that have been discussed so far have to do 
merely wath the realization of the chain reaction. If such a reaztion is 
going to bo of use, we muat be able to covitrol it. The problem of control is 
different cepending on whether we are inberesteg in steady production of power 
cr in an axplosion. In general, the eteady production of atomic powcr ra= 
quired a slevenavtron-inanced fission chain reaction occurring ate a mixture 
or lattice of uranium and moderator, while an atomic bomb requires a fast- 
neutron-=iaduced fission chain reacticn in U-235 or Pu-239> wishouch both slow- 
and fast-neutron fission may contribute in each cass. It sosmed Likely » even 
in 1940, that by using neutron absorbers a power chain reaction could be ccn- 
trolled. It was also considered likely, though not certain, that such a chain 
reaction would be self-limiting by virtue of the lower probability of fissicn- 
producing capture when a higher temperature was reached. Nevertheless, there 
was a possibility that a chain-reacting system might get out of control, and 
3t- ESN seened necessary to perform the chain-reacticn experiment in an 


uninhabited Location. 


Lon Of the Chain Neaction 


Practical “Applica 


2.15. Up to this point we have been discussing how te produce and 
control a neclear chain reaction but not how to meke use of its The technol- 
ogical gap between producing a controlled chain reaction and using it as a 
large scile power source or an explosive is comparable to the gap between the 


discover; of firs and the manufacture of a steam lesemotives 


a 


. 2686. Although production of power has never been the principal 
object of this project, enough attantion haa been given to the matter to 
reveal the major difficulty: the attainment of high -temcerature operation. 
An affective heat engine must not only develop heat but must develep heat at 
a high temperature. To run a chain-reacting system at a high temperature 
ana to convert the heat generated to usafvul work is very much more difficult 
than to run a chain-reacting syatea at a low temperatura» 


2.17- Of course, the proof that a chain reaction is possible does 
now itself insure that nuclear energy cen ba effective in a bomb. To have 
an effective explosion it is necessary that the chain reaction build up ex- 
wromely rapidly; otherwise only a small amount of the nuclear energy will. be 
utilized before the bomb flies apart and the reaction stops. It is also 
necessary that no premature explosion occur. Thig entire "detonation" prob- 
lem was and still remains one of tha most difficult problems in designing a 
high-efficiency atomic bombs 


Possibility of Using Plutonium 


2018. So fars all our discussion has been. primarily concerned with 
the use of uranium itself, ile have already montioned the suggestion that the 
element. of atomic numbor 9/4, and mass 239, commonly reforred to as plutonium, 
might be very effective. Actually, we now believe it to be of value compara- 
ble to pure U-235. We have mentioned the difficulty of soparating U-235 from 
the more abundant isotope U-238. ‘These two isotopes are, of course, cheni~ 
cally identical. But plutonium, although produced from U-238, is a different 
chenical:element. Therefore, if a process could be worked out for converting 
sane of the U-238 to plutonium, a chemical separation of the plutonium from 
uranium might prove more practicable than the isotopic separation of U-235 


‘from U-238.5 


2.19. Suppose that we have set up a controllable chain reaction 
in a lattice of natural uranium and a moderator -- say carbon; in the form 
of graphite. Then as the chain reaction proceeds, neutrons are emitted in 
the process of fission of the U-235 and many of these neutrons are absorbed 
by U-238> This produces U-239, each atom of which then emits a beta parti- 
cle, becoming neptunium (93Np239) Neptunium, in tumn, emits another beta 
particle, becasing plutonium (9;,Pu239), which emits an alpha particle, decay~ 
ing again to U~235, but so slowly that in effect it is a stable element. If, 
after the reaction has been allowed to proceed for a considerable time, the 
mixture of metals is removed, it may be possible to extract the plutoniun by 


- chemical methods and purify it for use in a subsequent fission chain reaction 


of an explosive natures 
Combined Effects and Enriched Piles 


2.20. Three wayna of inccoasing the likelihood of a chain reaction 
have been mentioned: use of a moderator; attainment of high purity of mateo- 
rials; use of special material, either U-235 or Pus The three procedures are 
not mutually exclusive, and many schemes have been proposed for using small 
amounts of separated U-235 cr Pu~239 in a lattice composed prinarily of 
ordinary uranium or uranium oxide and of a moderator or two different 


: : id 3 


modersatera. Such proposed arrengonents are usually celled “enriched piles." 


‘ 2:21, All our previous discussion has centored on the direct or 
indirect use of uranium, but it was know that both thorium and protoactinium 
also underwent fisaion when bombarded by highspeed neutrons, The great id- 
vantage of uradiun, at leant for prelininary work, was ita susceptibility te 
slov neutrons. There was not very much consideraticn given to the other tso 
substances. Protoactinium' can be eliminated because of its scareity in 
nature, Thorium 13 relatively plentiful but has no apparent advantage over 
uranium. 


2.22, Tt ta not to be forgotten that theoretically many nuclear 
reactions might be used to release enargy»s At present vwe sec no way of ini- 
tlating or controlling reactions other than those involving fission, but sone 
such nyntheassa ag has already been mentioned as a source of solar energy may 
eventually be produced in the laboratory, 


tarisla Needed 


- 2.23. Obviously it was impossibla in. the summer of 1940 to make 
more than guesses as to what enounts of materials would bo needed to produce: 


(1) a chain reaction with vse of a moderator; 
(2) a chain-reaction bonb in pure, or at 
least enriched, U--235 or plutoniurw 


A figure of cns to one hundred kilograss of U-235 was comaonly given at this 
me for the critical size of a bomb, This would, of course, have to be 

ated from at least 140 tines as much natucal uranium: For a slow-nevtyrona 

chain reaction using a moderator and unseperated uranium it wag almost certain 

that tons of metal and of moderator would be required. > i 


+ 


dlability of Kat 


2.24, Estimates of the composition of the earth's crust show 
uranium and thoriua both present in considerable quantities (about 4 parts 
per million of uraniwa and 12 parte per million of thorium in the ‘earth's 
crust). Deposits of uranium ora are knon to exist in Colorado, in the 
“Great Bear Lako ragion of northern Canada, in Joachinstal in Czechoslovakia, 
and in the Belgian Conga. Many other deposits of uranium cra are morn, but 
their extant is in many cases unexplored: Uraniuc is always founa with 
yadima although in much larger quantity, Both ere often found with vanadium 
ores. Small quantities of uranium oxide have beon uset for many yeere in the 
ceramics iInaiatry. 
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4:25. Trevium is atso rabtier widely distributed, oscurring as 
thorium oatde in fairiy bigh Soucentratior in monarite senda Cound to sone 
excant in this country at partacmlarly in Brazil and in British India» 


2025. Early rough eatinataa, which are probably optimistic, vere 
that the nuclear emerpy available in known daposits of uraniwn was adequate 
to supply the total power needs of this country for 200 years (assuming 
utilization of U-238 ua well us U--2395), 


2.27. #3 has already basen nentioned, little or no uranium metci had 
oven promesd up ty 1940 and information was so scant that even the melting 
‘point was nat know. (For ewnple, the Handbook of Physies and Chanistry for 
193-1944 says only hab the molting point is below i850°G whereas we now 
know ib to be in the neighborhood of 11590.) kyidently, as far 35 uraniun 
was coacarmed, there was no insurmeuntable difficulty au regards obtaining 
zaw Materials or producing the metal, but there wore very grave questions as 
te now Long it would take and how mich ib would cost to produce the necessary 
quantities of pure metal. . 


2:283. Of the materials mentioned above as being suitable for mod- 
craters, douterium had the most obyious advantages. It 18 present in ordinary 
hydrogen to tha extent of about one part in 5000. By 1940 a number of dif- 
forent mothods for separating it from hydrogon had bean developed, and a few 
Liters had been produced in this country for exporimental purposes. Tha only 
large-ocale production had been in a Norwegian plant, from which several 
hundred literg of heavy water (D20; deuterium oxide) had come. As in the 
caae of a the problem waa one of cost and tines 


2229» BeryLiinm in the form of beryllium silicates is widely 
found but enly in small quantities of orve Its use as en alloying agent haa 
boccone goneral in the last few years; for such uge; however, i+ is not necsa- 
sary to produce the beryllium in metallic form. in 1940 only 700 pounds of 
the metal, wers produced in this countrys i 


23C. As far as carbon was concerned, the gituation was obviously 
quite differsit. There were many hundreds of tons of graphite produced every 
year in thia country, This was one of the reagons Why graphite looked very. 
desirable as a waderatoro The difficulties lay in obtaining sufficient 
quantities of graphite of the required purity, particularly in view of the 
expanding needs of war industry. 


Tine ang vost, Estivates 


2031+ Requirements of time and money depended not only on many un- 
Known scientific and technological factors but also on policy decisions. 
Evidently years of time and millions of dollars might be required to achieve 
the ultimate objective» About all that was attempted at this time was making 
estimates as to how long it would take and hew much it would cost to clarify 
the scientific end technological prospects. It looked aa if it would not be 
a very great undertaking to carry along the development of the thermal-neutron 
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Heathed of Approach to the Preblaa 


_ 2033. There were iwo waya of attacking ths preblan- : One wasa to 
conduct elaberate series of accurate physical messur p On asgorption 
cross sections cf verlous miterials for various } 
and varicus neutror energies. Unce euch d 
as to rhat might 96 done in the way of 2 a crain ree 
fair accuracy. The other appreach sas thi 
urani or uranium compounds in various ways witu varien 
serving what happoned: Similar extreues of method were poss 
of ths isctope-sersaraticn propiem. Actually en interasaiate » 
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Power vs-_Bosb 


The expected : ilitary advantages of uraniua bombs were far. 
i taar tnose of a uranium power plant. It was conceivable | 
. be decisive in winniry the war for the sios <> 
then “Buch + thoughts were very much in the minus of 
eking din this 2 seas put the attainment of a slow-neutren chain. rex, 
section ’seased & necessary preliminary step in the development of vur x OW 
legye anu became the first objective of the group inuerested ir the problem. © 

wis ulso seemed en important step in convincing military authorities ans! Lhe 
re sheptical scientists that the whole notion wan not a pi arean artiy 
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for these reasona and partly becausa of the extrene secrecy imposed about this 
tine, the idna of an atomic borb docs not appear ouch in the records between 
tho summer of 1940 and tho fall of 1942. : 


Military Usefulness 


2-350 If all the atoms in a kilogram of U-235 undergo fission, the 
energy released is Gquivalent to the energy released in the explosion of about 
20,000 short tons of TNT. If the critical size of a bomb turns out to be 
practical ~~ say, in the rango of one to one hundred kilograms —~ and all the 
other problema can be solved, there remain two questions. Firat, how large a 
percentage of the fissionable nuclei can ba made to undergo fission before 
the reaction stops; ioe», what ia tho afficicncy of the explosion? Second, 
vhat is the effect of so concentrated a rolease of energy? Even if only 1 
percont of the theoretically available energy iu released, the explosion will 
pti be of a totally different order of magnitude from that produced by any 
proviously known type of bombe ‘fhe value of such a bomb was thus a question 
for military experts tq consider very carefully. 


20360 It had boon established (1) that uranium fission did occur 
with release of great amounts of enorgy; and (2) that in the procoss extra 
neutrons wore ect free which might start a chain reaction» It wab not con- 
trary to any knovn principle that such a roaction should take place and that 
it should have very important military application as a bombe However, the 
idea was revolutionary and therefore suspect; it was certain that many tech~ 
nical operations of great difficulty would have to be workod out before such 
a bomb could be produced, Probably the only materials satisfactory for a 
bomb were either U-235, which would have to be separated from the 140~times 
more abundant isotope U-238, or Pu+239, an isotope of the hitherto unknown 
element plutonium, which would have to be generated by a controlled chain- 
reacting process itself hitherto unknown. To achieva such a controlled chain 
reaction it was clear that uranium metal and heavy water or beryllium or car- 
bon might have to be produced in great quantity with high purity. Once bomb 
material was produced a process would have to be developed for using it safely 
and effectively. In some of the processes, health hazards of a new kind 
would be encountered. 


Policy Problen 


2037> By the summer of 1940 the National Defense Research Comittee 
had been formed and was asking nany of the scientists in the country to work 
on various urgent military problems. Scientific personne] waa limited (al- 
though this was not fully realized at the time). It was, therefore, really 
dificult to decide at what rate work should be carried forward on an atomic 
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jon kad to be reviered at freyuent intervels during the sub= 
sequent four yeayss An account of how these policy Cecis 
given in Chapter. 
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CHAPTER III 


ADMINISTRATIVE HISTORY UP TO DECEMBER 1942 


Intereat_in Military Posolbilitics 


3-le The announcement of the hypothosis of fission and its experi- 
mental confirmation took place in January 1939, as has already been recounted 
in Chapter I. There was imediato interest in the possible military use of 
the large amounts of energy released in fissione At that time American-born 
nuclear physicists wore so unaccustomed to tho idea of using thoir science 
for military purposes that they hardly realized what needed to be done. Cone 
sequently the early efforts both at restricting publication and at getting 
government support were stimulated largely by a small group of foreign-born 
physicists centering on L. Szilard and including E. Wigner, E. Teller, V. F. 
Weisskopf, and E. Fermi. 


Restriction of Publication 


3.2, In the spring of 1939 the group mentioned above enlisted 
Niels Bohr's cooperation in an attempt to stop publication of further data 
by voluntary agreement. Leading American and British physicists agreed, but 
F. Joliot, France's foremost nuclear physicists, refused, Apparently because 
of the publication of one letter in the Physical Review sent in before all 
Americons had boon brought into tho agroement. Consequently publication con- 
tinued frooly for about another year although a fow papers wore withheld 
voluntarily by thoir authors. 


3032 At the April 1940 meeting of the Division of Physical 
Sciences of the National Rosearch Council, G. Breit proposed formation of a 
censorship committee to control publication in all American scientific jour 
nalse Although the reason for this suggestion. was primarily the desire to 
control publication of papers on uranium fission, the "Reference Committee” 
as finally set up a little later that spring (in the National Research Coun— 
cil) was a general one, and was organized to control publication policy in 
all fields of possible military interest» The chairman of the committee was 
Le Pe Eisenhart; other membora were G. Brit, We Me Clark, He Fletcher, 
Eo Be Frod, Ge Be Pegram, He Ce Uroyy Le He Weed, and Ee G. Wevers Various 
_ subcommittees were appointed, the first one of which had to do with uranium 
fission. G. Breit served as chairman of this subcommittee; its other membors 
were Jo W. Beaman, Lo Je Briggs, G. Bo Pegram; He Go Urey, and Es Wigner. In 
goneral, the procedure followed was to have the editors of various journals 
send copies of papers in this field, in cases whore the advisability of pub- 
lication was in doubt, either directly to Breit or indirectly to him through 
Eisenhart. Breit then usually circulated them to all members of the sub- 
committee for consideration as to whether or not they should be publishsd, 
and informed the editors as to the outcomes This arrangement was vory suc~ 
cessful in preventing publication and was still nominally in effect in June 
1945, in modified form. Actually the absorption of most physicists in this 
country into war work of one sort or another soon reduced the number 
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of papers referred ‘to the committee practically to the vanishing point. It is 
of interest to note that this "hole arrangetent was a purely volur tary one; 
the scientists of the country aro to bo congratulatod on their cor plete co- ane 
operations It is to be hoped that it will be possible after the var to pub- 

lish these papsrs at least in part 50 that their authors may rece: ve proper 5 
professional credit for their contributions. 


Initial Approachsa to the Government. The First Committes 


3ohe On the positive side --~ government interest and upport of 
research in nuclear physics == the history is a much more conpli:ated one. 
The first contact with the government vas made by Pegram of Colum ia in March 
1939- Pegram telephoned to the Navy Department and arranged for 1 conference “7 
betneen representatives of the Navy Department and Feratio The only outcome. of. 
this conference was that the Navy expressed intercst and asked tc be kept in- asd 
formed. Th? next attempt to interest the government was, stimulat:zd by Szilard `*“* 
and Wignere In july 1939 they conferred with A. Eins ng and a little later 
Einstein, \iigner, and Szilard discussed the problem with Alexander Sachs of 
New York. In the fall Sachs, supported by a letter from Einstein, explained. 
to President Roosevelt the desirability of encouraging work in this field. 
The President appointed a committee, known as the “Advisory Comittee on 
Uranium" and consisting of Briggs as chairman, Colonel K. F. Adamson of the- 
Army Ordnance Departuient, and Commander G. Ce Hoover of the Navy Bureau of 
Ordnance, and requested this committeo to look into the problem. This was 
the only committee on uranium that had official status up to the time of or- 
ganization of the National Defense Research Committee in June 1940. The 
conmmittea mat very informally and included various additional scientific ro- 
presentatives in its meetings. 


3250 The first meeting of the Uranium Committee was on October 21, 
1939 and included, besides the committees membero, Fe Le Mohler, Alexander. 
Sachs, Le Szilard, E. Wigner, E. Teller, and R. Be Roberts. The result of this 

‘moeting was a report dated November l, 1939 and transmitted to President 

Roosevelt by Briggs, Adamson, and Hoover. This report made eight recommen= 
dations, which need not be enumerated in detail. it is interesting, however, 
that it specifically mentions both atomic power and an atomic bomb as possi- 
bilities. It specifically recouwmended procurement of 4 tons of graphite and 
50 tons of uranium oxide for measurements of the absorption cross section of 
carbon. Others of the recommendations either were of a general nature or 
were never carried out. Apparently a memorandum prepared by Szilard was more 
or less the basis of the discussion at this mestingo 


306. The first transfer of funds ($6,000) from the Army and Navy 
to purchase materials in accordance with the recommendation of November lst is 
reported in a memorandum from Briggs to General E. Ke Watson (President - 
Roosevelt's aide) on February 20, 1940. The next meeting of the "Advisory 
Committee on Uranium" was on April 28, 1940 and was attended by Sachs, Wigner, 
Pegram, Fermi, Szilard, Briggs, Admiral Hə Ge Bowen, Colonel Adamson, and 
Commander Hoover. By the tine of this meeting two important new factors had 
come into the picture. First, it had been discovered that the uranium fission 
caused by neutrons of thermal velocities occurred in the U-235 isotope onlyo 


Second, it had been reported thst a large section of the Kaiser Wilhelm In- 
stitute in Berlin had been set aside for research on uranium, Although the 
general tenor of this meeting scena to have been that the work should be 
pushed more vigorously, no definite recommendations were made. It was 
pointed out that the critical measurements on carbon already under way at 
Columbia should spon give a result, and the implication was that definite re~ 
commendations should wait for such a result» 


307. Within the noxt few weeks a number of people concerned, par- 
ticularly Sachs, urged the importance of greater support and of batter organ- 
izations ‘their hand was strengthened by the Columbia results (as reported: 
for example, in a letter from Sachs to General Watson on May 15, 1940) shor- 
ing that the carbon absorption was appreciably lower than had been previously 
thought and that the probability of carbon being satisfactory as a moderator 
wag therefore considerable. Sachs was also active in looking into the ques- 
tion of ore supply. On June 1, 1940, Sachs, Briggs, and Urey met with Admiral 
Bowen to discuss approaching officials of the Union Miniére of the Balgian 
Congoo Such an approach vias made shortly afterwards by Sachs. 


308. The general status of tho problem was discussed by a special 
advisory group called together by Briggs at the National Bureau of Standards 
on June 15, 1940. This meeting was attended by Briggs, Urey, Me A. Tuve, 
Wigner, Breit, Fermi, Szilard, and Pegram» "After full discussion, the re- 
commendation of the group to the Uranium Committee was that funds should be 
cought to support research on the uranium-carbon experiment along two lines: 


(A) further measurements of the nuclear con= 

i stants involved in the proposed type of 
reaction; 

(B) experiments with amounts of uranium and 
carbon equal to about one fifth to one 
quarter of the amount that could be es- 
timated as the minimm in which a chein 
reaction would sustain itself. 


"It was estimated that about $40,000 would be necessary for further 
Measurements of the fundamental constants and that approximately [100,000 
worth of metallic uranium and pure graphite would be needed for the inter- 
mediate experiment." (Quotations from memorandum of Pegram to Briggs, dated 
August 14, 1940) 


The Committee Reconstituted under NDRC 


309. Before any decisions made at this meeting could be put into 
effect, the organization of. the National Defense Research Committee was : 
announced in June 1940, and President Roosevelt gave instructions that the 
Uranium Committee should be reconstituted as a sub@ommittes of the NDRC, re- 
porting to Vannevar gush (chairman, NDRC)> The membership of this reconsti- 
tuted Uranium Comittee was as follows: Briggs, Chairman; Pegram; Urey, ` 
Beans, uva, Rs Gunn and Breit. Un authorization trom Briggs, Breit consulted 
Wigner und ‘feller frequently although they wore not members of the conmittos. 
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Frosa thet time until the summor of 1941 this cormittea continued in control 
with a:prowimately the seme membership. Its recommendations were tranamitted 
by Yeiegs to the NDRC, and suitable contracts were made between the NDRC and 
varioua research dnstitutionse The funds) howover, were first supplied by 
the arny and Navy, not from rogular NDRC appropriations. 


Support of Research 


30400 ‘the first contract let under this new set-up was to Colwabia 
University for the two Lines of work recorrended at the June 15th meeting as 
deucribed abovee The project was approved by the NDRO and the first NDRC cona 
tract (NUCre~32) was signed Novorbor 8, 1940, being effective from November lp 
1940 to Noverber 1, 201. The amount of this contract was £40,000- 

2 
` Jalklə Only aie gmail expenditures had been made before the con- 
tract vent into effect. For example, abovt $3,200 had been epent on graphite 
and cadmium, this eine been taken from Eee $6,000 allotted by the Aray and 
Navy in Febrvery, 1.949. 


. 3:12- ie Shall not attempt to review in detail the other contracts 
that were arranged prior to December 1941. Their number and total amcunt 
grow gradually. Urey began to work on isotope separation by the centrifuge 
method under a Navy contract in the fall of 1940. Other contracts were, 
granted to Columbia University, Princeton University, Standard Oil Developuent 
Company, Cornell. University, Carnegie Institution of Vashington, University 
of Vinaesota, Jowa State College, John Hopkins University, Naticnal Bureau 
of Standards, University of Virginia, University of Chicago, and University 
of California in the course of the winter and spring of 1940-1941 until by 
November 19L1 the total number of projects approved was sixteen, totalling 
about . $300 000. 


3a130 Scale of oxpenditure is at least a rough index of activity. 

It 1a thorcfore tiaarent: ing to compare thia figure with those in other branches 
of war researche By November 1941 the totel budgot approved by’ NDRC for the 
Radiation Laboratory at the Massachusetts Institute of Technology was several 
million dollars. Even a relatively small project like that of Section S of 
- Division A of the NDRC had spent or been authorized to spend $136,000 on work 

that proved valuable but was obviously not potentially of comparable inmpor- 
tance to the uranium tiork. ; 


Committee Reorganized in Summer of 1.941 
3ol4o The Uranium Committes as formed in the summer of 1940 con~ 


tinued substantially unchanged until the sumer of 1941.° At that time the 
mein comittee was somowhat enlarged and subcommitteas formed on isotope Í 
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separation, theoretical appeets, power praduetion and heavy waters” It was 
snarsaftøor called the Uranivn Section or tha S-1 Section of NDRC. Though not 
formally disbanded until the suwer of 1942, this revised conaittee ras 
largely superseded in December 1941 (see Chapter V)- 


The National Acadeny Reviowing Comittee 


3015. In the spring of 1941, Rriggo, feeling that an impartiel re- 
view of the problem was desirable, requested Bush to appoint a reviewing 
committee. Bush then formally requested Fo B.e Jewett, President of the 
National Academy of Sciences, to appoint such a committee. Jewett complied, 
appointing A» He Compton, chairmen; We D. Coolidge, E». O. Lawrence, Jo Ce 
Slater, Je He Van Vleck, and Be Gherardi, (Because of illness, Gherardi was 
unable to serve.) ‘This committee was instructed #o evaluate the military im- 

.portancs of the uranium problem and to recommend the level of expenditure at 
which the problem should be investigated. 


3016. This committee met in Nay and submitted a report. (This re- 
port and the subsequent ones will be summarized in tho next chapter.) On the 
basis of this report and the oral oxposition by Briggs before a meting of 
the NDRC, an appropriation of $267,000 was approved by the NDRG at its meeting 
of July 18, 1941, and the probability that much larger expenditures would be 
necessary was indicated. Bush asked for a second report with emphasis on 
engineering aspects, and in order to meet this request Os B. Buckley of the 
Bell Telephone Laboratories and Lo We Chubb of the ‘lestinghouse Electrical 
and Manufacturing Comany were added to the conmittee. (Compton was in South 
Anerica during the summer and therefore did not participate in the summer 
meetings of the committes.) The second report was submitted by Coolidge. As 
a result of new measurements of the fiesicn cross soction of U=235 and of in- 
creasing conviction that isotope separation was possible, Compton and Lawrenca 
suggested to J. B. Conant of NDRC, who was working closely with Bush, in ` 
September 194l, that a third report was desirable. Since Bush'and Conant had 

‘learned during the summer of 1941 that the British also felt increasingly S 
optimistic, the committes was asked to make another study of the whole subject. 
For this purpose the conmitteo was enlarged by the addition of We Ke Lewis, 
Ro S» Mulliken, and Go Bə Kistiakowsky. This third report was submitted by 
Compton on November 6, 1941. 
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~—HUranium Section: Briggs, chairman; Pegram, vice-chairman; Se K. Alli- 
son, Beams, Breit, Ea Ue Condon, He De Smyth, Urey. y 

Separation Subsection: Urey, chairman; Beams. 

Power Production Subsection: Pegram, chairman; Allison, Fermi, Smyth, 
Szilard, 

Heavy Water Subsection: Urey, chairman; T. He Chiltono 

Theoretical Aspects Subsection: Fermi, chairman; Breit, Co He Bali 
Smyth, Szilard, Je Ae Wheelers ‘ 
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Information _recoived from the British 

3217. Deginning in 1940 thero waz come interchange of information 
with the british and during tho summer of 1943 Bush learned that, they had bean 
reviewing the wiole subject in the porlod trom April to duly. They too had 
been interested in the potaibility of using plutonium; in fact, a auggeetion 
as to the advinability of invectigetirg plutonium was contained in a letter 
from J. D. Cockerart to Re H- Fovler datod Pecanber 2%, 1940. Fowler, rho wae 
at that time acting an Britiah aclontific Maison officer in Wrahington,, 
passed Cockcroft'’a letvor on to Lawrance. The British nevor pursued the plu- 
tonium possibility, sines they sclt tneir Miaited manpowor should concentrate 
on U-235%. Chadwick, at Isast, was convineed that a U-.235 bomb of great dea- 
tructive powor could bo mado, ond the whole Uritish group felt that ths separa- 
tion of U-235 by diff{velon waa probably fcanible, r 


3018. <Acccunts of british opinion, including tho firat draft of 
the British report raviewing tho subject, vore mado available to Bush and 
Conant infermally during tho sunccr of 1941. although the official British 
report of July 15th was first trancmitted to Conant by Ge Po Thomson on 
Octobar Jrde Since, however, the British roview was not made available tc 
the cummittoa of the National Academy of Sciences; tha reports by tho Acadony 
committoe and the British reports constituted independent evaluations of the 
prospects of producing atomic bombs. 


3.19. Besides the official. and seml-official conforencss, there 
wore many less formal discussions held, one ef theses being atimulated by 
Me Le Ee Oliphant of England during his visit to this country in tho sumer 
of 19,1, As an example of such informal discussion wo might mentlon talka 
betnoen Conant, Compton, and Lawrence at tho University of Chicago semi-~ 
centennial calebration in September 1941. The general conclusion was thet the 
progran should be pushed; and this conclusion in various forms was communi~ 
cated to Bush by a number of persons. 


2220. In the fall of 1941 Urey and Pegram vere sent to England to 
get fivst-hend information on what wes being done there. This was the first 
tims that any Americans had been to England specifically in connection with 
the uranium probleme The report prepared by Urey and Pogran confirmed and ox- 
tended the information that had been received previouslye 


Decision to Enlarge “and Reoreanize 


3.21. As a result of the reports prepared by the National Acedeny 
_ committes, by the British, and by Urey and Pogram, and of the general urging 
by a number of physicists, Bush, as Director of the Office of Scientific. Re-, 
search and Development (of which NDRC is a part), decided that the uranium 
work should ba pushed nore aggressively. 


3022. Before the National Academy tecued its third report and be- 
foro Pogram and Urey visited Englands Bush had tekon up the whole uranium 
guestion with President Rocaevelt and Vice-President Wallaco. He summarized 
fer them tha British views, which wore on the whole optimistic, and pointed 
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out tha uncortaintics of ths predictions. The President agreed that it was 
desirable to broaden the program, to provides a different organization, to 
provide funds from a special source, and to effect complete interchange of 
informition-with tho British. It wis agreed to confine discussions of ; 
general policy to tho following group: The President, Vice-President, Secro- 
tary of War, Chief of Staff, Bush, and Conant. This group was often referred 
to as the Top Policy Group. ` 


3023. By the time of submission of the National Academy's third 

- report and the return of Urey and Pegram from England, the general plan of 
the reorganization was beginning to emergee The Academy’s report was more 
consorvative than the British report, as Bush pointed out in his letter of 
November 27, 1941, to President Roosovelt. It was, howover, sufficiently 
optimistic to give additional support to tho plan of enlarging the work. The 
proposed reorganization was announced at a meeting of the Uranium Section just 
before tho Pearl Harbor attack and will be described in Chapter Yo 


Summary 


3e2he In March 1939, only a few wooks after the discovery of 

uranium fission, the possible military importance of fission was called to 

tho attontion of the government. In the autumn of 1939 the first government 
committee on uranium was created. In the spring of 1940 a mechanism was set 
up for restricting publication of significant articles in this field. When 
tho NDRC was set up in June 1940, the Uranium Committoe was reconstituted 
under the NDRCe However, up to the autumn of 1941 total expenditures were re- 
latively smallo In Docembor 1941, after receipt of the National Acadeny re- 
port and information from the British, the decision was made to enlarge and 


roorganize the programo 
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CHAFTER IV 


Tho Immediate Questions 
LETS ON A ITE A 


hele In Chaptor II the general problems involved in producing a 
chain reaction for military purposes rere described. Karly in the summer of 
1940 the questions of most imediate importance were: i . 


(1) Could any circumstances be found under which the 
chain reaction would go? ' 


(2) Covld the isotope U-235 be separated on a large 
scale? 


(3) Could modsrator and other materials be obtained 
in sufficleat purity and quantity? 


Although there were many subsidiary problems, as will appear in the account 
of the progress made in the succeeding eighteen months, these threa questions 
determined the course of the work. 


Tho Chain a Roaction 


Program Proposed dune 15, 19/0 


4.2. In June 1940, nearly all work on the chain reaction was con- 
centrated at Columbia under the general leadership of Pegram, with Fermi and 
Szilard in immediate charge. It had been concluded that the most-easily pro- 
ducod chain reaction was probably that deponding on thermal neutron fission in 
a heterogeneous mixture of graphite and uranium. In tho spring of 1940 Ferm, 
Szilard and H. Le Anderson had improved the accuracy of measuremsnts of the 
capture cross section of carbon for neutrons, of the resonance (intermediate- 
speed ) absorption of neutrons by U-235, and of the slowing dow of neutrons in 
carbon. 


; 4.3 Pegram, in a memorandum to es on August 14, 1940, wrote, 
a is not very easy to measure these quantities with accuracy without tho use 
of large quantities of material. The net results of these experiments in the 
spring of 1940 were that the possibility of the chain reaction was not dofi- 
nitely proven, while it was still further from being definitely disproven. 

On the whole, the indications were more favorable than any conclusions that 
could fairly have been claimed from previous results." 


4.4. At a meoting on dune 15th (ave Chapter III) these results 
were discussed and it was recommended that (A) further measurements be made 
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on nuclear constants, and (B) experiments be mada on lattiess of uranium and 
carbon conteining amounts of uranium from ons fifth to one quarter the esti- 
mated critical amounts. 


Progress up to Tebruary 15, 1941 


4.5. Pegram's roport of February 15, 1941 shows that most of the | 
work done up to that time was done on (A), while (B), the so-called inter- 
mediate experiment, was delayed by lack of materials. 


4.6. Paraphrasing Pegram's report, the main progress was as 
follows: i 


(a) Tho slowing dom of f neutrons in graphite was inveptigatod by studying 
the intonsity of activation of various dotectors (rhodium, indium, iodine) 
placed at various positions inside a rectangular graphite colum of diman- 
sions 3 x 3 x 8 fect when a source of neutrons was placed therein. By zuit- 
able choice of cadmium screens the effects of resonance and thermal neutrons 
were invostigated separately.# A mathematical enalysis, based on diffusion 
theory, of the exparimental data mads it posalble to predict the results to 
be expected in various other arrangements. These results, coupled with 
thooretical studies of the diffusion of thermal neutrons, laid a basis for 
future calculations of the number of thormal and resonance neutrons to be 
found et any point in a graphite mass of given shape when a given neutron 
sourco is placed at a spacified position within or near the graphite. 


(b) The number of neutrons ed.tted in fission. The experiments on aLowing 
dorn noutrona showsd that high-energy (high-speed) neutrons such as those 
from fission wore practically all reduced to thermal enargies (Low speods) 
after passing through 40 em or more of graphite. A pieca of uranium placed 
in a mgion whore thermal neutrons are present absorbs the thermal neutrona 
and ~= as fission occurs -- re-emits fast neutrons, which ara easily distin- 


guished from the thermal neutrons. By a serios of measurements with and with- 


out uranium present and with various dətectors and absorbers, it is possible 
to get a value for the constants, the number of neutrons emitted per thermal 


*#Tho presence of neutrons can be dotected by ionization chambers or 
counters or by the artificial radioactivity induced in various metal foils. 
(Sea Appendix l.) The response of each of these detectors depends on the 
particular characteristics of the detector and on the speed of the neutrons 
(e.g., neutrons of about 1.5 volts energy ars particularly effective in ac- 
tivating indium). Furthermore, certain materials havs very large absorption, 
cross sections for neutrons of particular ranges of speed (o.g., cadmium for 
thermal neutrons). ‘Thus measurements with different detectors with or with- 
out various absorbers give some indication of both the number of neutrons 
present and their energy distribution. However, the state of the art of such 
measurements-is rather crude. . i 


es) 
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neutron absorbed by uranium. This is not the number of neutrons enittcd per 
fission, but is somewhat smaller than that number since not every absorption 


causes fission. 


(c) Lattice theory. Extensive calculations ware made on the probable number 
of neutrons escaping from lattices of various designs and sizes. This was 
fundamental for the so-called intermediate experiment, mentioned above as 


item (B). 


Initiation of New Programs 


4.7. Early in 1941 interest in the general chain-reaction problem 
by individuals at Princeton, Chicago, and California led to the approval of 
certain projects at those institutions. Thereafter the work of these groups 
was coordinated with tho work at Columbia, forming parts of a single large 
program. 


Work on Resonance Absorption 


4.8. In Chapter II it is stated that there were advantages in a 
lattice structure of "pilo" with uranium concentrated in lumps regularly 
distributed in a matrix of moderator. This was the system on which the 
Columbia group was working. As is so often the case, the fundamental idea 
is a simple ona. -If the uranium and the moderator aro mixed homogeneously, 
the neutrons on the average will lose onergy in small steps between passages 
through the uranium so that in the coursa of their reduction to thermal velo- 
city the chance of their passing through uranium at any given velocity, o.g., 
at a velocity corresponding to resonance absorption, is great. But, if the 
uranium is in large lumps spaced at large intervals in the moderator, the 
amounts of energy lost by neutrons between passages from one lump of uranium 
to another will be large and the chance of their reaching a uranium lump 
with onergy just equal to the energy of resonanca absorption is relatively 
small. Thus the chance of absorption by U-238 to produce U-239, compared to 
the chance of absorption as thermal neutrons to cause fission, may be reduced 
sufficiently to allow a chain reaction to take place. If one knew the exact 
values of the cross sections of each uranium isotope for each type of ab- 
sorption and every range of neutron speed, and had similar knowledge for the 
moderator, one could calculate the "optimm lattice," 1.0., thea best size, 
shape and spacing for the lumps of uranium in the matrix of moderator. Since 
such data were only partially known, a direct experimental approach appeared 


*The term "resonance absorption" is used to describe the very strong ab- 
sorption of neutrons by U-238 when the neutron energies are in certain defi- 
nite! portions of the energy region from\O to 1000 electron volts. Such reso- 
nance absorption demonstrates the existence of nuclear energy levels at com 
responding energies. On some occasions the term resonance absorption is used 
to refer to the whole energy region in the neighborhood of such levels. 
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to ba in order. Consoquently it was proposed that the absorption of neutrons 
by uranium should be measured undor conditions similar to those expected in 
a chain-reacting pilo employing graphito as moderator. 


4.9. Experiments of this typo were initiated at Q@lumbia, and 
were continued at Princeton in February 1941. Essentiall.y the oxpsriment con- 
sisted of studying the absorption of neutrons in the energy range extending 
from a few thousand electron volts dovn to a fraction of an electron volt 
(thermal. enorgies), the absorption taking place in different layers of 
uranium or uranium oxide spheres ambodded in a pile of graphite. 


4.10. In theso experiments, a source of neutrons was provided by 
a beam of protons (accelerated by a cyclotron) impinging in a beryllium tar- 
get. (Ths resulting yield of neutrons was equivalent tp the yield from a 
radium-boryllium source of about 3500 curies strength.) The neutrons thus 
produced had a wide, continuous, velocity distributioh. ‘They proceeded from 
this source into a large block of graphite. By placing the various uranium 
or uranium-oxide spheres inside the graphite block at various positions re- 
presenting increasing distances from the source, absorption of neutrons of 
decreasing average speeds down to thermal speeds was studied. It was found 
that the total absorption of neutrons by such spheres could be expressed in 
terms of a "surface" offoct and a "mss" effact. 


4.11. These experiments, involving a variety of sphere sizes, 
densities, and positions were continued until the spring of 1942, when most 
of the group was moved to Chicago. Similar experiments performed at a later 
date at the University of Indiana by A. C. G. Mitchell and his co-workers 
have verified and in soma cases corrected the Princeton data, but the Prince- 
ton data were sufficiently accurate by tha summer of 19/41 to be used in plane 

‘ning the intermediate-pile experiments and the subsequent experiments on 
operating piles. 


4.12. The experimental work on resonance absorption at Princoton 
was done by R. R. Wilson, Ee C. Creutz, and their collaborators, under the 
general leadership of H. D. Smyth; they benefitted frem the constant help of 
Wigner and Wheeler and frequont conferences with the Columbia group. 


The First Intermsdiate Experlmants 


4.13. About July 1941 the first lattice structure of graphite and 
uranium was set up at Columbia. It was a graphite cube about 8 feet on an 
edge, and contained about 7 tons of uranium oxide in iron containers distri- ` 
buted at equal intervals throughout the graphite. A preliminary set of mea- 
surements was made on this structure in August 1941. Similar structures of 
somewhat larger size were set up and investigated during September and 
October, and the so-called exponential method (described below) of determining 
the multiplication factor was developed and first applied. This work was done 
by Fermi and his assistants, H. L. Anderson, B. Feld, G. Weil, and W. H. Zinn. 


4-14. The mitiplication-factor experiment is rather similar to 
that already outlined for the determination of y, the number of neutrons produced 
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per tharmal neutraon absorbed. A radinn-baryllium neutron sourco is placod 
near the bottom of the lattice structure and the number of neutrons is mea- 
sured at various points throughout the lattice. These numbers are then com 
pared with the corresponding numbers determined when no uranium is present in 
the graphite mass. Evidently the absorption of neutrons by U-238 to produce 
U-239 tends to reduce the numer of neutrons, while the fissions tend to in- 
creaso the number. The question is: Which predominates? or, more precisely, 
Does the fission production of noutrons predominate over all noutron-removal 
proconsos other than escapo? Interpretation of the oxperimental data on 

this crucial question involves many corrections, calculations, and approxima- 
tions, but all reduco in the end to a single numbor, the multiplication factor 


ke 


The Multiplication Factor k 7 


4.15. ‘The whole success or failure of the uranium project dopended 
on the multiplication factor k, sometimes called the reproduction factor. If 
k could bo made greater than one in a practical system, the project would 
succeed; if not, the chain reaction would never bo more than a dream. Mia is 
clear from the following discussion, which applies to any system containing 
fissionablo material. Suppose that there is a certain number of free neutrons 
present in the system at a given time. Some of these neutrons will themselves 
initiate fissions and will thus directly produca new neutrons. The muitipli-~ 
cation factor k is the ratio of the number of these new neutrons to the number 
of freo neutrons originally present. Thus, if in a given pile comprising 
uranium, carbon, impurities, containers, stc., 100 neutrons are produced by 
fission, some will escape, som will be absorbed in the uranium without caus- 
ing fission, some will be absorbed in the carbon, in the containers or in im- 
purities, and some will cause fission, thereby producing more neutrons. If 
the fissions are sufficiently numerous and sufficiently effective individually, 
more than 100 new neutrons will be produced and the system is chain reacting. 
If the number of new neutrons is 105, k = 1.05. But if the number of new neu- 
trons per 100 initial ones is 99, k = .99 and no chain reaction can maintain 
itself. 


4.16. Recognizing that the intermediate or "exponential" experiment 
described above was too small to be chain reacting, we see that it was a matter 
of great interest whether any larger pile of the samo lattice structure would 
be chain reacting. This could be determined by calculating what the value of 
k would bo for an infinitely large lattice of this samo type. In other words, 
` the problem vas to calculate what the value of k would be if no neutrons 

. leaked away through the sides of the pile. Actually it is found that, once a 
chain-reacting system is well above the critical size -- say two or three 
times as great -~ and is surrounded by what is called a reflector, the effec- 
tive value of k differs very little from that for infinite size provided that 
k is near 1.00. Consequently, it has become customary to characterize the 
chain-reaction potentialities of different mixtures of metal and moderator by 
the value of k,,the multiplication constant obtained by assuming infinite size 


- of pile. : 


es 4.17. The value of koas reported by Fermi to the Uranium Section 
in the fall of 1941 was about 0.87. This was bassed on results from the second 
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Columbia intermediate oxperiment. AlL agreed that tha miltiplication factor 
could be ineraased by greator purity of matorials, differant lattice arrange- 


ments, otc. Nono could say with certainty that it could be malo greator than 


one. 
‘Experiments on Boryllivm 


4.18, At about the same time that the work on resonance absorption 
was started at Princeton, S, K. Allison, at the suggestion of A. H. Compton, 
began work at Chicago under a contract running from January 1, 1941 to August 
1, 1941. Tha stated objectives of the work were to investigate (a) the in- 
croase in neutron production when the pile is enclosed in a beryllium enve- 
lope or "reflector", and (b) the cross sections of beryllium. A new contract 
was authorized on July 18, 1941 to run to Juna 30, 1942. ‘This stated the 
somewhat broader objective of investigating uraniun-beryllium-carbon systens 
gonorally. The appropriations involved were modest: $9,500 for the first 
contract, and $30,000 for the second contract. 


4.19. As has already been pointed out in Chapter II, beryllium has 
desirable qualities as a moderator because of its low atomic weight and low 
noeutron-absorption cross section; there was also ths possibility that a con- | 
tribution to the number of neutrons would be realized from the (n, 2n)*re= 
action in beryllium. The value of the cross section vas not precisely known; 
furthermore it was far from certain that any large amount of pure beryllium . 
_ could be obtained. Allison's problem was essentially similar to the Colum 
‘bia problem, except for the use of beryllium in place of graphite. Because. 
of the scarcity of beryllium it was suggested that it might be used in con- 
junction with graphite or some other moderator, possibly as a reflector. 


$ 4.20. In the Chicago experiments, neutrons produced with the aid 
of a cyclotron were caused to enter a pile of graphite and berylliume Al- 
lison made a number of measurements on the slowing down and absorption by 
graphite which were valuable checks on similar experiments at Columbia. Hs 
finally was able to obtain enough beryllium to make significant measurements 
which showed that beryllium was a possible moderator comparable to graphite. 
However, beryllium was not in fact used at all extensively in view of the 
great difficulty of producing it in quantity in the required structural form. 


4.21. This Chicago project as described above became part of the 
Ketallurgical Laboratory project established at the University of Chicago 


early in 1942. 
Theoretical Work 


4.22. Both the intermediate experiments at Columbia and the con- 
tinued resonance-absorption work at Princeton required skilful theoretical in- 
terpretation, Fermi worked out the theory of the "exponential" pile and ‘iigner 
the theory of resonance absorption; both these mon were constantly conferring 
and contributing to many problems. Wheeler of Princeton, Breit of Wisconsin, 
and Eckart of Chicago ~- to mention only a few -= also made contributions to 
general pile theory and related topics. Altogether one can say that by the 
end of 1941 the general theory of the chain reaction for slow neutrons was 


1ye? 


almost completely understood, It vas ths numerical, constante and technologi- 
eal possibilities that ware still uncertain, 


bape Qi the theory of a fast reutron reaction in U-235 a good deal, 
of prograss had also boen made. In particular, now estimates of tha critical 
size wore field, and it was predicted that poasibly 10 percent of the total 
energy might be releasad explosivaly. Qn this basis ona kilegram of U-235 
would be equivalent to 2000 tons of TNT. The conclusions are reviewed below 
in connection with the National Academy Report. It is to be remembered that 
there are two factors involved: (l) how large a fraction of the available 
fission energy will be released bofore the reaction stops; (2) how destructive 
such a highly concentrated explosion will be. 


Work on Flutoniuom . ' 


lo2l. In Chapter I mention is made of the suggostion that tho ele- 
ment 94, lator christened plutonium, would be formed by beta-ray disintegra- 
tions of U-239 resulting from neutron absorption by U-232 and that plutonium 
would probably be en alpha-particle emitter of long half-life and would under- 
go fission when bombarded by neutrons. In the sumer of 1940 the nuclear 
physies group at. tho University of California in Berkeley was urged to use 
neutrons from its powerful cyclotron for tho production of plutonium, and to 
separate it from uranium and investigate its fission properties. Various 
portinent experiments wore performed by E». Segré, G. T. Seaborg, J. ‘i. Kennedy, 
and H. He Wahi at Berkeley prior to 194] and were reported by E. O. Lawrence 
to the National Academy Committee (see below) in May 1941 and also in a memo 
randum that was incorporated in the Committee's second report dated July ll, 
1941. It will be seen that this memorandum includes one important idea not 
spechficully emphasized by othera (paragraph 1.58), namaly, the production of 
large quantities of plutonium for use in a bomb. 


4.25. We quote from Lawrence's memorandum as follows: - 


Since the first report of tne National Academy of Sciences Committee 
on Atomic Fission, an extremely important new possibility has been 
opened for the exploitation of the chain reaction with unseparated 
isotopes of uranium, Experiments in the Radiation Laboratory of the 
University of California have indicated (a) that element 94 is formed 
as a result of capture of a neutron by uranium 238 followed by two suc- 
cessive beta-transformations, and furthermore (b) that this transuranic 
element undergoes slow neutron fission and therefore presumably behaves 


like uranium 235. 


It appears accordingly that, if a chain reaction with unseparated 
isotopes is achieved, it may bs allowed to proceed violently for a 
period of time for the express purpose of manufacturing element 94 
in substantial amounts. This material could be extracted by ordinary 
chemistry and would presumably be the equivalent of uranium 235 Tor 
chain reaction purposes. 


If this is so, the following three outstanding important possi- 
bilities are opened: 
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1. Urantum 223 would ba available for anorvzy production, thus 
fnercasin: about one hundred fold the total atonic unergy obtainable 


ar 


from a given qnantity of wanun, 


2. Using element 94 one may eavisaco preparation of small chain 
rexcbhion units for power purposes weighing parhapsa a hundred pounds 
instead of a hundred tons as probably would be necessary for units 
using vebiral uranium, t 


3. If lavge arounts of alemerb 94 wore available it is likely 
thet a chain rsaction with fast noubrons could bs produced. In such 
a reaction tha energy would bo released at an explosive rate which 
mictit be described as a "super bomb". 

® 


Ratioactive Poj song 


4.26. ha previously statod, the fragments resulting from fission 
are in mest cases unstable nuclei, that is, artifically radioactive mater- 
ials. It is common knowledge that the radiations from radioactive materials 
have deadly effects akin to the effects of X-rays. è 


4.272 Ina chain-reacting pile theso radioactive fission products 
build op as the reaction proceods. (They have, in practice, turned out to be 
the most troublesomo feature of a reacting pile.) Sianco they differ chemically 
-from the uranium, it should be possible to extract them and use them like a 
particularly vicious form of poison gas. This idea was mentioned in the 
National Academy report (see paregraph 4.48) end was developed in a report 
written December 10, 1941, by E. Wigner and H. D. Smyth, who concluded that 
the fission products produced in one day's run of a 100,000 kw chain-reacting 
pile might be sufficient to make a large area uninhabitable. 


4.28. Wigner and Smyth did not recomnend the use of radioactive 
poisons nor has such use bsen seriously proposed since by the rasponsible 
authorities, but serious consideration was given to the possibility that the 
Germans might mke surprise use of radioactiva poisons and defensive measures 


were planned. 


Isotope Separation 
Small-Scale Separation by the Mass Spectrograph 


4.29. in Chapter I the attribution of thersial~neutron fission of 
uranium to the U-235 isotope was mentioned as being cxperimentally established. 
This was done by partly separating minute quantities of the uranium isotopes 
in A. O. Nier's mass spectograph and then study ing the nuclear properties * 
of the samples. Additionel small samples were furnished by Nier in the sum 
mer of 1941 and studied by N. P. Heydenburg and others at M. A. Tuve's labore 
atory at the Department of Terrestrial Magnetism of the Carnegie Institution 
of Washington. But results of such experiments were still preliminary, and 
it was evident that further study of larger and more completaly separated 


O 


samples was dosirable. 


4.30. Tho need of larger samples of U-235 stimulated E. O. Law- 
rence at Berkeley to vork on electromagnetic separation. Ho was remarkably 
successful and by Decanbor 6, 1941 roportod that he could deposit in one 
hour ono microgram of U-235 from which a large proportion of the U=238 had 
been removed. . 


4.31. Previously, at a meeting of the Uranium Comittee, Smyth of 
Princeton had raised the quostion of possible large-scale separation of iso~ 
topes by electromagnetic means, but had been told that it had been investi- 
gated and was considered impossible. Nevertheless, Smyth and Lawrence at a 
chance meeting in October 1941 discussed the problem and agreed that it might 
yet be possible. Smyth again raised the question,»at a meeting of the Uranium 
Committee on Decomber 6th and at the next mesting (December 18, 1941) there 
was a general discussion of largo~scale electromagnetic methods in connec- 
tion with Lawrence's report of his results already nentioned. The conse- 
quences of this discussion are reported in Chapter XI. 


The Centrifuge and Gaseous Diffusion hethods 


4.32. Though we have made it clear that the separation of U-235 
from U-238 might be fundamental to the whole success of the project, little 
has been said about work in this field. Such work hed been going on since 
the summer of 1940 under the general direction of H. C.e Urey at Columbia. ` 
Since this part of the uranium work was not very much affected by the reor- 
ganization in December 1941, a detailed account of the work is reserved for 
Chapters IX and X. Only a sumary is presented here. ; 


4.33. After careful review and a considerable amount of experi- 
menting on other methods, it had been concluded that the two most promising 
methods of separating large quantities of U~235 from U~238 were. by the use ` 
of centrifuges and by the use of diffusion through porous barriers. In the 
centrifuge, the forces acting on the two isotopes are slightly different 
becauso of their differences in mass. In the diffusion through barriers, 
the rates of diffusion are slightly different for the two isotopes, again 
because of their differences in mass. Each method required the uranium to 
be in gaseous form, which was an immediate and serious limitation since the 
only suitable gaseous compound of uranium then known was uranium hexa- 
fluoride. In each method the amount of enrichment to be expected in a 
` single production unit or "stage" was very small; this indicated that many 
successive stages would be necessary if a high degree of enrichment was to 


be attained. 


4.34. By the end of 1941 each method had been experimentally 
demonstrated in principle; that is, single-stage separators had effected 
the enrichment of the U-235 on a laboratory scale to about the degree pre- 
dicted theoretically. K. Cohen of Columbia and others had developed the 
theory for the single units and for the series or "cascade" of units that 
would be needed. Thus it was possible to estimate that about 5000 stages 
would be necessary for one type of diffusion system and that a total area of 
many acres of diffusion barrier would be required in a plant separating a 
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kilogram of U-235 each day. Corresponding cost estimates were tens of 
millions of dollars. For the centrifuga the number of stages would be smaller, 
but it was predicted that a similar production by centrifuges would require 
22,000 separately driven, extremely high~speed centrifuges, each three feet in 
length -~ at a comparable cost. 


4.35. Of course, the cost. estimates could not be mada accurately 
since tha technological problems were almost completely unsolved, but these 
estimates as to size and cost of plant did sorve to emphasize the iagnitude of 


the undertaking. 
Thermal Diffusion in Liquids 


4.36. In September 1940, P. He Abelson submitted to Briggs a 17- 
page memorandum suggesting the possibility of separating the isotopes of 
uranium by thermal diffusion in liquid uranium hexafluoride. R. Gunn of the 
Naval Research Laboratory was also much interested in the uranium problem and 
was appointed a member of the Uranium Committee when it was reorganized under 
the NDRC in the sumer of 1940. As a result of Abelson's suggestion and Gunn's 
interest, work was started on thermal diffusion at the National Bureau of 
Standards. This work was financed by funds from the Navy Dopartment and in 
1940 was transferred to the Naval Research Laboratory, still under the direc- 
tion of Abelson, where it has continued. 


4.37. We shall discuss the thermal-diffusion work further in a 
later chapter, but we may mention here that significant results had already 
been obtained by the end of 1941 and that in January 1942, using a single 
separation column, a separation factor had been obtained which was’ comparable 
or superior to the one obtained up to that time in preliminary tests on the 
diffusion and centrifuge methods. 


The Production of Heavy Water 


4.38. It was pointed out in Chapter II that deuterium appoared 
very promising as a moderator because of its low absorption and good slowing- 
down property but unpromising because of its scarcity., Interest in a deuterium 
moderator was stimulated by experimental results obtained in Berkeley demon- 
strating that the deuterium absorption cross section for neutrons was, in fact, 
almost zero. Since oxygen has a very low absorption coefficient for neutrons, 
it was usually assumed that the deuterium would be used combined with oxygen, 
that is, in the very convenient material: heavy water. Work at Columbia on 
possible methods of large-scale concentration of heavy water was initiated in 
February 1941 under the direction of H. C. Urey (under an OSRD contract). 
Early in 1941, R. H. Fowler of England reported the interest of the British 
group in a moderator of deuterium in the form of heavy water and their cone / 
viction that a chain reaction wuld go in relatively small units of uranium 


and heavy water. 


4.39. Urey and A. von Grosse had already been considering the con- 
centration of heavy water by means of a catalytic exchange reaction between 
hydrogen gas and liquid water. This process depends on the fact that, when 
isotopic equilibrium is established between hydrogen gas and water, the water 
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- contains from three to four times as great a concentration of deuterium as 
does the hydrogen gas. During 1941, this exchange reaction between water and 
hydrogen was investigated and extensivo work was done toward developing large- 
scale methods of producing materials suitable for catalyzing ths reaction. 


4.40. The further development of this work and of other methods of 
producing heavy water are discussed in Chapter IX. Like the other isotope- 
separation work at Columbia, this work vas relatively unaffected by the re- 
organization in December 1941. It is mentioned in preliminary fashion here to 
indicate that all the principal lines of approach were under investigation in 


1941. 


Production and Analysis of Materials 


4.41. By the end of 1941 not very much progress had been made in 
the production of materials for use in a chain reacting systen. The National 
Bursau of Standards and the Columbia group were in contact with the lstal 
Hydrides Company of Beverly, Massachusetts. This company was producing some 
uranium in powdered form, but efforts to increase its production and to melt 
the powdered metal into solid ingots had not been very successful. 


4-42. Similarly, no satisfactory arrangemsnt had been made for ob- 
taining large amounts of highly purified graphite. The graphite in use at 
Columbia had been obtained from tho U. S. Graphite Company of Saginaw, Michigan. 
It was of high purity for a comercial product, but it did contain about one 
part in 500,000 of boron, which was undesirable. 


4.43. Largely through the interest of Allison the possibility of 
increasing the production of beryllium had been investigated to the extent of 
ascertaining that it would be difficult and expensive, but probably possible. 


4.44. Though little progress had been mado on procurement, much 
progress had been made on analysis. The development of sufficiently accurate 
methods of chemical analysis of the materials used has been a problem of the 
first magnitude throughout the history of the project, although sometimes 
overshadowed by the more spectacular problems encountered. During this period 
C. J. Rodden and others at the National Bureau of Standards were principally 
responsible for analyses; H. T. Beans of Columbia also cooperated. By 1942 
several other groups had started analytical sections which have been con- 
tinuously active ever since. 


4ehSe To summarize, by the end of 1941 there was no evidence that 
procurement of materials in sufficient quantity and purity was impossible, but 
the problems were far from solved. 
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Exchanges of Information with the British 
Se SS Te EN Re we Fe epee ree S228 


4.46. Prior to tha autumn of 1941 thera had been some exchangs of 
reports with the British and some discussion with British scientific repre- 
sentatives who wore hero on other business. In September 1941, it was decided 
that Peram and Urey should get first-hand information by a trip to Mngland. 
They completed their trip in the first week of December 1941. 


4.47. In general, work in England had been following much the same 
lines as in this country. As to the chain-reaction problem, their attention 
had focussed on heavy water as a moderator rather than graphite; as to isotope 
separation, they had done extensive work on the diffusion process including 
the goneral theory of cascades. Actually the principal importance of this visit 
and other interchanges during ths sunmer of 1941 lay not in aecurate scientific 
data but in the general sciontific impressions. Tho British, particularly J. 
Chadwick, wore convinced that a U-235 chain reaction could be achieved. They 
knew that several kilograms of heavy water a day were being produced in Norway, 
and that Germany had ordered considerable quantities of paraffin to ba made : 
using heavy hydrogen; it was difficult to imagine a use for these materials 
other than in work on the uranium problem. They feared that if the Germans 
got atomic bombs before the Allies did, the war might be over in a few wacks. 
The sense of urgency which Pegram and Urey brought back with them was of great 


importance. 


The Naticnal Academy Committes Report 


4.48. The appointment of a National Academy committee was mentioned 
in Chapter III. The committee's first report in May 1940 mentioned (a) radio- 
active poisons, (b) atomic power, and (c) atomic bombs, but the emphasis was on 
power. Tho second report stressed the importance of the new results on plu~ 
tonium, but was not specific about the military uses to which the fission pro- 
cess might be put. Both these reports urged that the project be pushed more 


vigorously. 


4.49. The third report (November 6, 1941) was “specifically concerned 
with the "possibilities of an explosive fission reaction with U-235." Although 
neither of the first two National Academy reports indicated that uranium would 
be likely to be of decisive importance in the present war, this possibility was 
emphasized in the third report. We can do no better than quote portions of 


this report. 


Since our last report, the progress toward separation of 
the isotopes of uranium has been such as to make urgent a 7 
consideraticn of (1) the probability of success in the attempt ` 
to produce a fission bomb, (2) the destructive effect to be 
expected from such a bomb, (3) the anticipated time before its 
development can be completed and production be underway, and 
(4) a preliminary estimate of the costs involved. 
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1. Conditions for a fission bomb 


A fission bomb of superlatively pp Restmietiys power mitt will 
rosult from i bringing gui. ckly together a sufficient mass of 
element: element U-235. This seems to be aa sure as any untried pre~ 
diction based upon theory and experiment can be. 


Our calculations indicate further that the required 
masses can be brought togather quickly enough for the 
reaction to become efficient... 


2. Destructive effect of fission bombs 


a. laso of the borb — 


+ 
The mass of U-235 required to produce explosive fission 


under appropriate canditions can hardly ba lesa than 2 kg 
nor greater than 100 ke. These wide limits reflect chiefly the 


experimental uncertainty in the capture cross section of U~235 
for fast neutrons... 


be Energy released by explosive fission 


Calculations for the case of masses properly located at 
the initial instant indicate that between 1 and 5 percent of 
the fission energy of the uranium should bə released at a 
fission explosion. This means from 2 to 10 x 108 kilocalories 


per kg of uranium 235. The available explosive energy per 
kg of uranium is thus equivalent to about 300 tons of TNT. 


3. Time required for development and production of the 
necessary U-+235 


a. Amount of uranium needed 


Since the destructiveness of present bombs 4s already an 
important factor in warfare, it is evident that, if the destructiveness 
of the bombs is thus increased 10,000-fold, they should becom of de= 
cisive importance. 


The amount of uranium required will, nevertheless, be large. 
If the eatimate is correct that 500,000 tons of TNT bombs would be 
required to devastate Germany's military and industrial objectivos, 


from l to 10 tons of U-235 will be required to do the same job. 


b., Separation of U-235 


The separation of the isotopes of uranium can be done in the 


necessary amounts. Several methods are under development, at least 

two of which saem definitely adequate, and are approaching the stage 

of practical test. These are the methods of the centrifuge and of diffu- 
sion through porous barriers. Other methods are being investigated or 
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need study which may ultimately prove superior, but are now 
farther from the engineering stage. 


c. Time required for production of fission bombs 


An estimate of time roquired for development, engineering 
and production of fission bombs can be made only vory roughly at 
this time. 


If all possible effort ia spent on the program, one might 
however expect fission bombs to be available in significant quantity 
within three or four years. 


4. Rough estimate of costs : 


(The figures given in the Academy roport under this heading 
wore recognized as only rough estimates since the scientific and 
engineering data to make then more precise were not available. 

They showed only that the undertaking would be enormously expensive 
but still in line with other war expenditures.) 


4.50. The report then goes on to consider immediate requirements 
ani desirable reorganization. 


Sumary 
4.51. At the end of Chapter I we summarized the knowledge of 
nuclear fission as of June 1940, and in Chapter II wa stated the outstanding 
problems as of the same date. In the light of these statements we wish to re~ 
view the eighteen months! progress that has just bsan recounted. The tan- 
gible progress was not great. No chain reaction had been achieved; no appre- 
Ciable amount of U~235 had been separated from U-233; only minute amounts of 
Pu~239 had been produced; the production of largo quentities of uranium metal, 
heavy water, beryllium, and pure graphite was still largely in the discussion 
stage. But there had been progress. Constants were better known; calcula- 
tions had been checked and extended; guasses as to the existence and nuclear 
properties of Pu-239 had been verified. Somo study had been made of engi- 
neering problems, process offectiveness, costs, and time schedules. Lost im- 
portant of all, the critical size of the bomb had been shown to be almost 
certainly within practical limits. Altogether the Likelihood that the prob- 
lems might be solved seemed greater in every case than it had in 1940. Fer- 
haps more important than the actual change was the psychological change. 
Possibly Wigner, Szilard, and Fermi were no more thoroughly convinced that . 
atomic bombs were possible than they had been in 1940, but many other people 
had bocome familiar with the idea and its possible consequences. 2 
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ans, boih grialy ob wor, Uhousht tha pro- 
lon worth underteking.  Furthernoro, tho whole national peyechokopy had changed. 
Although the nbtask al Poarl Harbor was yab to cous, bha impending threat of 
war wos much mora Keealy folt than bafora, and expenditures of offort end monsy 
that would have seenad snommug in 1,0 were considered obviously necossery 
precautions in Decembor 1941. Thus it was not surprising thet Bush and his 
associntes folt it was timo to push the uranium project vigorously. For this 
there was created an entirely new administrativo organization which 


y 
a 


Apparently. the Pritish and tho Ce 


purpese, 
will be described in the next chapior. 
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dad 
of obtaivinp zhondo bo on ysa dn the wesent war woe great arov 
justify an "all out" effort for ihs ogi sacond, that ne 
cyclisation, tha KDRC Urandan Seotic ova ag the S-1 Sestien, and ti 
ira of Le J. Briggs, Chadreans Ga Pe ‘Vice-Chadrneny He T, Wongcl, 


achicar Aida; Se Ki Allison, Te We P « Broit, Be U. Condon, R» Gunn, 
H, D, Snyth, and He Ca Uray) wio noh proparly orgunized for such an offert. 


5.3, AS a meoting of the HetLlowal Dəfansa Rescarch Committee on 
Her 28, 19L1, Dr. Bush axmletnad why he-Zelt thet it wag dostreble to’ 
uo the avenium progran evielde NORC. Tho members of MORO agcead to u 
far, Accordingly, the NU an organization had no further connection 


sith the uranium program, which was adatiniscered for somo tine thereafter by 
ri aD directly through an ) Se) Section, and later through an OERD Sel 
pracubive Committee. 


5.40 At a mesting of the 5-2 Section of OSRD, on December 6, 19/1, 
J. Be Conant, speaking for Bagh, announced the propoasd "all out" effort and 
tha reorganization of the group, The Sel fection itself hed not been Lomally 
consulted on the proposed reorganizstion, but thora da no doubt ee most of 
its members wore strongly in favor of the Lew praposala. ‘The mavbership oF 
the reorganized S-1 Section vas as fodlowss 


Je Bow Conant, Repressntativoe of Ve Bush- 
; Le Je riggs, Chairman 

. jf G. Boe Pogram, Vice-Ghed 

A. Ha Compton, Program Chief 

E. O. Lawrence, Progrom Chiat 

We Ga Urey, Program Cnief 

E. Vo Murphres, Choirmain ef Vio separately organized: 

` PLoming Roard ` 

H. T. Wonsel, Technical Alde 

S% Ke Allison 

J. We Boams 


G: Bradt 
B, Ua Condon 
H. P, Sayth 


Forration of the Planning Board 


5.5. At the time the S-] Section wis reorganized, Bush also sat 
up @ Planning Bard to ta rasponoible for tha technical aud engineering as- 
pects of the work, for procurement of materdala and for construction of pilot 
plants and full-cize production plants. This Planning Board ccneisted of 
E. V. Murphrea (Chairman), W. K. Lewis, Le We Chubb, G. O. Curme, Jr., and 


Pe C. Kolth. 


Functions of the Flanning Poard and OSE) S-1 Section 
FUOCVONS OL UNO Fanning Soard ane A ool Wierd DALY 


5.6. It vas arranged that contracts for tho scientific parts of 
the work would be recomaended to Bush not by the full £-L Section but by 
Briega and Conant after conferences with the program chiefs involved and that 
recomendations on engineering contracts would be made to Bush by the Planning 
Board. (The contracts which had baen mado on behalf of tha old Uranium 
Suction had been administered through the NDRC.) Contracts for the develop- 
ment of diffusion and centrifuge saparation processes wora to ba recommended 
by the Planning Board, which would ba rasponsible for the heavy~water pro- 
duction program also. Bush stated that the Planning Doerd "will be responsi- 
ble for so¢ing to it that wo have plans on which to proceed with ths next 
step as expeditiously as possiblo." 3 


5.7. Tho selontific aspects of tha work wore soperated from tha 
procurement and engineering phases. Tha Program Chiofs ~~ H. C., Uroy, E. O. 
Layronce, and A. H. Compton -- werc to have charge of the scientific aspecte. 
Initielly it was proposed that Urey should have charga of the separation of 
isotopes by the diffusion and the centrifuge methods end of the research work ` 
on the production of heavy water. Lawrance was to havo charge of the initial 
production of smell samples of fissionable olements, of quantity production 
by olectromagnetic separation methods, and of certain experimentol work ro- 
lating to the properties of the plutonium nucleus. Compton was to have charga 
of fundamental physical studies of tho chain reaction and tho measurement of 
nuclear properties with especial roference to the explosive chain reaction. 

An an afterthought, he was authorised to explore also tho possibility thot 
plutonium mit be produgad An uneful, anounta by tha controlied chain-reastion 
method. Jt was understood, however, that thie divielon of responsibliity was 
to be more precisely dofined in later conferences. (The written records of 
that period do not always give adequate accounts of what was in tho minds of 
the nen-concerned. In deference to security requiroments, references to the 
importance of plutonium and even to the bomb itself wore ofton omitted entire~ 
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5.8. Tho effect of the reorganization was to put the diraction ef 
the projects in the hands of a small group consisting of Bush, Conant, Brizgs, 
Compton, Urey, Lawrence, and Murphroe. Theorstically, Compton, Lawrence, Urey, 
and Murphree were responsible only for their respective divisions of the 


program. [Fach mot with Conent and Prigga er cecasloaally with Bush to discuss 
his spocific problema, or evon tho overall program. 


Fsoting of Top Policy Group ~ Approval, of Reorganization 


5.9. A mosting of the Top Policy Group, consisting of Vice~Presi- . 
dent Horry A. Wallaco, Secretary of War Henry L. Stimson, and Dr. V. Bush, was 
held on Docerber 16, 1941. General George C. Marshall and Dr. J. B. Conant, , 
also members of the group, wore absant; Mr. He Le Smith of the Pudgot Bureau + 
attonded. Bush daseribed the reorganization that waa in progress and his 
plane were approved, In a momorendum to Conant describing this mesting, Bush 
rrota, "It was definitely felt by the entire group that OSRD should press as 
fast as possible on tha fundamental physics and on the enginecsring planning, , 
and particularly on the construction of pilot plapts." Bush estimated the 
cost of thio aspsct of the work would bo four or five million dollars, and 
stated the Arm should tako over vhon full-scale construction wag started, 
prasumably when pilot plants wore ready. He suggested the assignment of a 

- technically trained Amy officer to become familiar with tho goneral nature 
of the uranium problem. It was made clear at this meeting that the inter 
national relations involved wera in tho hands of the President, with Bush rə- 
sponoibla for liaison on technical matters only. 


Msoting of OSRD S-l Section on Decambar 18, 1941 


5.10. On Decomber 16, 1941, a mooting of the reorgenized S-1 
Section was held. Conant was prosent and discussed tho new policy, which 
called for an all-out effort. Ho emphasized that such an effort was justified 
only by the- military values of atomic bombs and that all attention must bə con- 
centrated in the direction of bomb development. The whole moeting was per- 
vaded by an ataosphere of enthusiasm and urgency. Several methods of electro- 
magnetic separation were proposed and discussed, and a number of new contracts 
ware rocommendsad. Š 


Keating of OSRD S-1 Section on January 16, 1942 


: 5.11. Another mesting of the OSRD S-1 Section was held on January | 
16, 1942. Informal discussions of the varicus production methods took place, 
and tentativo estimates wore made as to when each method would produce results. 
Those forecasts actually were no more than guesses since at that time the 
scientific information available was very incomplete and tho probloms of apply- 
ing such data as did exist to the construction and operation of production 
plants had hardly boen approachod. : 


Roarrangenpnt of the Vork Early in 1942. 


5.12. In the middle of January 1942, Compton dacided to concentrate 
the work for which he was responsible at the University of Chicago. The 
Columbia group under Fermi and ita accumuletod material and equipment and the 
Princeton group which had been studying resonanco absorption wora moved to 
Chicago in the course of the spring. Certain smaller groups olsewhero ro~ 
mained active under Compton's direction. Under Lawrence the investigation of 
large-scale electromagnetic separation was accelerated at the University of 
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Callfurofa at Nerboley and a raletel separation projach pos cberbed et Prince- 
ten, Ruseerch and davelopmont on the diifualon proesss ond on the preduction 
of heavy vetor continued af, Colusbia vacer Urey; undar the goneral supervision 
of Murphec, the centrifuge work con timiod at. the Gudvanekiy of Virginia under 
Beans whale the Coluabia centrifuge work van transferred to the laboratories 
of tha Standard OLL Devolopmont Co. at Bayway, New Joraay. 


Raport to the President. at by. Bush on March 9, 1912 


5.13. Ina report deted February 20, 1942, Conant recommended that 
all phases of the work bs pushad at least until July 1, 1942, Similarly, on 
March 9, 1942, Dr. Bush sent a report to tha President reflecting general 
optimisin but plecing proper emphasis on the tentative natura of conclusions. 
His report contemplated completion of tho project in 2944. In eddition, tho 
report contained the suggestion that tha Army be brought in during the sumer 
of 1942 for construction of full-scale plants. 


Reviovs of the Program by Conant 


514. Tha entira hoavy-water progran was under review in March end 
April 1942. Tho roviowa followed a visit to the United States in February and 
Murch 1942 by F. Simon, H. Halban, and We A. Akers feom Mogland. In e memoran- 
dun of April, 1, 1942 addressed to Bush, Conant roviewad the. gituation and re~ 
ported on conferences with Compton and Briggs. His roport- pointed out that 
extremaly large quantities of heavy water would be required for a plutoniun - 
production plent employing heavy water instead of graphite as a moderator. 
For this reason, he reported adversaly on tha suggentiloa that Halban be in- 
Wired be brim? bo Lhia country the 165 Liters of hoavy water whieh he then 
fad in agrlame, 


5.15. In a manorandum written to Bash on May 14, 1942 (shortly oe~- 
fore a proposed meeting of Program Chiefs), Conant estimated that thers wera 
fave seperation or production methods which were about equally likely to suc- 
caed: the centrifuge, diffusion, and electromapnetic methods of separating 
U~235; the uranium-graphite pile and the uraniun-heavy-weter pile methods of 
producing plutonium, AlL were considered about ready for mllot plant con- 
atruction end perhaps evon for preliminary design of producti on plants. If 
the sethods were to be pushed to the production stage, a commitment.of five 
hundred million dollars would be entailed. Although it was too early to esti- 
mate the relative morits of the different methods accurately, it was presumed 
that some methoda would prove to bs more rapid and esficient than others. it 
was feared, however, that elimination of any one method might result ine ` 
serious delay. It was thought that the Germans might be some distance ahead 
of the United States in a similar program. 


i. Conant emphasized a question that has been crucial throughout 
at of the uranium project. The question was whether atumi: vonns 
we wld be ^e ive weapons or merely supplementary weapons. If they were is- 
casive, tnere was virtually no limit to the amount of effort and money tnat 
anoula be put into the work. The question was complicated by the unvertaint; 
aa to how affective the atomic ‘pumps would ve. 
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Changa from OSRD S-1 Saction to OSRD S-l Frecutsvo Cormittoa 

5017. In May 1942, Conant euggeated to Bash that instead of en- 
couraging menvora of the acclion individually to discuss their own phases of 
the work with Conant and Brigga, tho OSRD S-1 Suction should moet for general 
discussions of tho antire program. Bush regponded by terminating the OSRD 
S-l Saction and replacing it with tho OSRD S-1 Executive Comittes, consisting 
of the following: 


J. B. Conant, Chairman 

L. J. Briggs 

Ae H. Compton 

EB. 0. Lawrence 
: E. V. Murphree r 
: ‘ H. C. Urey 


H. T. Wensel and I. Stewart wore colected to sit with the Pannitnss as Techni- 
cal Aide and Secretary respectively. 


5.18. The following members of the old OSRD S-l1 Section were ap- 
pointed as consultants to the now Comnittes: 


S. K. Allison 
J. We Beams 
G. Broit 

E. U. Condon 
He D. Smyth 


5.19. Tha functions of the new OSRD S-l Executive Committes were; 


(a) To report on the program and budget for the next 
eighteon months, for each mothed. 


(b) To prepare recommendations as to how many programs 
should bo continued. 


(c) To prepara raconmendations as to what parts of the 
program should bo eliminated, 


5.20. Recommendations rolative to matters of OSRD S~l policy and 
relative to the letting of OSRD S-l contracts wore made on the basis of a 
majority vots of the Canmittee. Conant refrained from voting except in case 
of a tie vote. While Bush alone had tho authority to establish OSRD policies 
and commit OSRD funds, ho ordinarily followed the recommendations of the S-1 
Executive Comnittos. 


Report to the President Bush and Conant on Jung 17, 1 


5.21. On June 13, 1942, Bush and Conant sent to Vice-President 
Henry A. Wallace, Secretary of War Henry L. Stimson, and Chief of Staff General 
Georga C. Marshall a report recommending detailed plans for the expansion and 
continuation of the atomic-bomb program. Ali three approved the report. n 


June 17, 1.942, 


follows: 
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the roport was sent by Bush to tho Prosidont, who also approvod. 
Tho report, which in too Jong to prosant in full, ceontuined four principal 
parts, which dealt with: (a) The status of the dovalopacnt as appraised by 
the sanior scientists; (b) Recommendations by the program chiefs and Plan- 
ning Beard; (c) Commonts mr Bush, Conant, and Cenorsl W. D. Styar; (d) Recom- 
mondetions by Eush and Conant. We may parephrase parts (e) and (c) as 


(a) The status of the progran. 


(1) It was cloar that an trevat of U-235 or 
plutenina comprising a mior of kilograms 
yould bo axplosive, that euch an explosion 
would be ocvAvelent to reveral thowsend 
tons of TN, and that such an axplocion could 
be caused to occur at the desired instant. 


(2) . It vas clear that thoro wre four methods of 
picparing tha fissionable mat oriel and that 
aJ. of these methods appeared feasiblo; but 
it wes not possible to stats definitely that 
eny given cne of these is superior to the 
others. f 


(3) It was clear that production plants of con- 
Bidorable sizo could bo designed and built. 


(4) It soamed Likely that, granted adequate funds 
end priorities, full-scale plant operation 
could bo started soon enough to be of military 
significance, 


(c) Comments by Bush, Conant, and Genaral Styer. 


Certaln recomnondationy had bean made by Lewrence, 
Urey, Compton, and Murphreo. Thsse recommendations 
had bes: raviewed by Bush, Conant, ond Ganeral 
Styer (who was instructed by General Larshall to 
follow the progress of the program) and their com- 
ments concerning the program wore as follows: 


(1) If four coparato methods all appoarad to a 
highly competent scientific group to bo cap~ 
` able of succassful application, it appeared 
certain that tho desired ond result could ba 
alcsined hy the enany, provided he had suffi- 
clont tine. 


(2) Tha progrom as proposed obviously could not 
be carried out rapidly without interfering 
with othar important matters, ag regards both 
ecientific personnel and critical materials. 
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A choica had to bo mcdo botyaen the mlitery 
result which appoared attaineble and tho 
cortain dinterforence with othor war activities. 


(3) It was unenfo at thet time, án view of the 
pionsoring nature of tho entire effort, to 
concentrate on only ono means of obtaining 
the result. 


(4) It thorefore appearad bost to procead at once 
: with those phasos of the program which intor- 
fored loast with other important war activities. 
Work on other phasos of the program could pro- 
cood aftor questions of interforence were re- 
solved., 


5.22. The Juno 13, 1942, report to the Prosidmt and Bush's 
transmittal letter dated June 17, 1942, wore returnad to Bush with the in- 
itialled approval of the Prosidont. A copy of the report was then sent by 
Bush to Goneral Styer on June 19, 1942. 


Selection of Colonel J. C. Marshall 


_ 5.23. On dune 18, 1942, Colonel J. C. Marshall, Corps of Engincers, ` 
was instructed by the Chief of Engineers to forma now district in the Corps 
of Engineers to carry on special work (atomic bombs) assigned to it. This 
district was designated the Manhattan District and was officially established 
on August 13, 1942. The work with which it was concerned was labeled, for 

socurity reasons, the "DSM Project" (Development of Substitute Materials). 


Selection of General L. R. Groves 


5.24. On Soptember 17, 1942, the Secrotary of War placed Brigadier 
General L. R. Groves of the Corps of Enginoers in complete charge of all Army 
activities relating to the DSM Project. £ 


Military Policy Committeoos Functioning of tho OSRD Committees 


5.25. A conference was held on Sop ombor 23, 1942, among those 
persons designated by tho President to datermine the general policies of the 
project, end cortain others. Those present were Secretary of War Henry Le 
Stimson, Chief of Steff General George C. Marshall, Dre Je B. Conant, Dro Vo 
Bush, Major General Brehon Somervell, Major Gonerel W. De Styer, and Brigadier 
General L. R. Groves. (Vice-President Honry A. Wallace was unable to attend.) 
A Military Policy Committee was appointed consisting of Dr. V. Bush as Cnair~ 
man with Dr. J. Be Conant as his alternate, Major General W. D., Styor, and 
Rear Admiral W. R. Purnell. General Groves was named to sit with the committee 
and act as Executive Officer to carry out the policies that were determinad. 
The duties of this committee were to plan military policica relating to mteri- 
als, research and development, production, strategy, and tactics, and to ‘sub 
mit progress reports to the policy group designated by the President. 


Fhe Tho popednbaae of bhn ii Litare bolley Cnmottias was ap- 
proved by th ankebl ishod iy tho UL 8. deint 
Chia’? batt aad coaslating of De oY. Taw, Rose Adajrel Ye Re Furasl, 
and Brip. Gonorel Ry Ga Moderne 


5.2/5 The ercabion of the Iilitary Policy Coruitteo in effect 
ploced all phosss of the DSM Project undoe the control of Dr. Bosh. Dre 
Conant, Gensral siyan Admiral Purnell, ond Ganorel Crovaa. 


5.284 Tho OSRD S-l Frecutivs Commibitaec hald reobings about oncs 
every ronth fron June 1942 to ly 1943 and onca after that Sime, in Saptenber 
1943. Thos? moetinga waro normally attonded by Genaral Groves, after Septom- 
ber 1942, and Col. lerchall, end fraqrontly by roprorzesntativas of the in- 
dustric companias concerned with the production pla nba, Recomnendaticns of 
the Committen wora not binding but wore usually folloted. Thug it sorvad as 
an advisory body to Dr. Buch and Ganoral Groves, end as an initial ltaicon 
group baby vam the seLontific, industrial, and military parts of the DSM Pro- 
ject. T Tho S-1 Txacutivo Comnittes has never boon tithe dissolved, but it 
has been inactive since the fall of 1943. 


5.29, The procurement and onginesring functions of the Planning 
Board wovo takan over by the Manhatten Diotrict in the sumnar of 1942 and . 
that beard then bocama inactive. 


5.30. By tho spring of 1943 it was felt thet the Menhattan District 
was ina position to tako over ressarch and dsvelopment contracts from ths 
OSRD. Such a transfer was effectod as of May 1, 1943, and marked tho end of 
tho ferval connection of OSRD with tho uranium project. 


5.3L. Jn July 1943 Conant and R. C. Tolman wore formally asked by 
General. Groves to sarve as hie sciontifice advisors. Thoy had already been 
doing so informally end have continued to do so, Coordination of the various 
acientific and technical programs was accomplished by meotings between General 
Grovea and the loadors of the various projacte, in particular, ung he anil 
rence, Oppenheimr (sea Chapter XII), and Uray. 


Subsequont Organization; the Menhattan Diatrict 


5.32. Sinca 1943 there havo boen no important changes in the form 
of the organization and fow of importance in the operating psrgonnel. General 
Groves has continued to cerry the major responsibility for correlating the 
whole effort and keeping it directed tevard its military objectives. It has 
been his duty to keep the various parts of the project in step, to see that 
raw materials were available for the various plants, to determine production 
schedules, to make sura that the develepment of bomb design kept up with pro- 
duction schadulea, to arrange for use of the bombs when the time came, and 
to maintain an adequate system of security. In discharging those duties Gen- 
eral Groves has had the help of his tremendous organization made up of ci- 
vilian sclontiste and engineers and Engineer officors and enlisted men. Many 
of the civilians have been mentioned already or will be mentioned in later 
chapters dealing with particular projects. Brigadier General T. F. Farrell 
-has acted as General Groves! deputy in the important later phases of the -> 
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“of tho project. Colonal K. D. Nichols, ths District Enginser of tho Man- 
hattan District with his headquartors at tha Clinton Engineer Vorks, has 
boon connected with tho project sincs 1942. lo has boon concornad with tho 
rosoarch and production probloms. of both U-235 end plutonium and has always 
shovar oxceptional understanding of tho tochnical problems and their rela- 
tive dnportance. Two other officers vho should be mantiensd aro Colonel 

F. T. Matthias and Colonel S. L. Warren. Colonol Matthias has discharged 
major responsibilities at tha Hanford Enzgineor orks in an extremsly able 
manner; his duties have been concorned with both the construction and oper- 
ational phasas of tho project. Colonel Warren is chief of the Medical 
Soction of tho Manhattan District end therefore has had ultimate responsi- 


bility for hoalth problems in all parts of ths project. 


Summary r 


5.33. By the ond of 19/1 an oxtensive roviow of the whole 
uranium situation had been completed. As a rosult of this review Bush and 
his advisors decided to increase the effort on the uranium project and to 
chenge the organization. This decision was approvod by Prosident Roosevelt. 
From January 1942 until early swmor of 1942 the uranium work was directed by 
Bush and Conant working with tho Program Chicfs and a Planning Board. In tha 
sumer of 14,2 the Arny, through the Corps of Engineors, was-assigned an 
active part in tho procurement and engineering phoses, organizing the 
Manhattan District for the purposa. In Soptember 1942, Dr. Bush, Dr. Conant, 
Goneral Styar, and Admiral Purnell. were appointed ao a Military loli oy 
Committes to determine the gousral poliolos of the whole project. Also in 
Soptombar, General Groves was appointed to tako charge of all Arny 
ectivities of tha project. Tha period of joint OSRD and Army control 
continued through April 1943 with tho Army playing en increasingly important 
rolo as tho industrial effort got fully undor way. In May 1943 the research 
contracts wero transferred to the Corps of inginesers; the period of joint 
OSRD-Army control ended and the period of complete Army control. began. 


5.34. Sinco the oarliest days of the project, Presidsht Roosevelt 
had followed it with interest and, until his death, he cortinued to study and 
approve the broad programs of the Lilitary Policy Committes. President 
Truman, who as a United States Senator had been aware of the project and ita 
magnitude, was given the complete up-to-date picture by the Secretary of War 
and General Groves at a White House conference immediately after his 
inauguration. Thereafter the President gave the program his complete Suiits 
keeping in constant touch with the progress. i ; 


